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Abstract
Despite the growth of composites and other lightweight materials, aluminium alloys remain an
attractive choice for the aerospace industry due to their distinct manufacturing processes, good
resistance to fatigue crack growth and superior damage tolerance. In the aerospace industry, the
drilling process is widely used among all the machining processes as millions of holes are required to
produce riveted and bolted joints in the assembly operation of the aircraft's structures. The major
challenges which arise from the drilling of these alloys are characterized by the low hole quality, which
might initiate cracks within the airframe structure and reducing their reliability. This results in the
rejection of parts at the assembly stage, which directly impacts the manufacturing cost. Hence, an
appropriate selection of tool geometry, tool materials and coatings, cutting speed, feed rate, and
drilling machines is required to meet the requirements of machined parts. The large number of holes
required for riveting means that their installation must be carried out in a fast and precise manner. This
can be achieved by using multi-head drilling tools that can drill several holes simultaneously.
Therefore, in this study, a simultaneous multi-hole drilling approach was used to investigate the
important drilling output parameters, such as the thrust force, chips formation, post-drilling tool
conditions and hole metrics including surface roughness, deviation of hole from the nominal size,
circularity, cylindricity, perpendicularity, and burrs formation under dry conditions. Moreover, the
inside hole surface defects and top and bottom hole edges were examined using scanning electron
microscopy. The investigations were based on different cutting parameters, the maximum and
minimum possible center-to-center spindle distances of the multi-spindle head, tool geometry, tool
materials and four types of tool coatings (TiN-, TiCN-, TiAlN-, and TiSiN). Furthermore, analysis of
variance was employed for estimating the relationships between the input parameters (spindle speed,
feed, and tool coating) and the studied hole quality metrics. The focus was mainly on Al2024 alloys,
which is commonly used as an aerospace structural material. The results show that uncoated carbide
drills with high point angle and smaller diameter generated less thrust force, produced higher quality
holes, and formed a lower built-up edge due to short chips. The common surface damage found on the
inner hole surface was smearing, feed marks, and metal debris adhesion. The results also show that
the uncoated carbide drills performed better at low spindle speeds, while TiCN-coated drills produced
better hole quality at higher spindle speeds. Regarding the coated drills, TiCN-coated drills produced
holes with the least deviation, circularity, cylindricity and perpendicularity at high spindle speeds.
TiSiN-carbide coated drills produced the most oversized holes and noticeable damage and
deformations on their surface following TiAlN and TiN. Besides, tools of the multi-spindle head can
be adjusted in any position without affecting the hole quality, which is useful for increasing
productivity at a higher rate in manufacturing industries.

xi

CHAPTER 1: INTRODUCTION
This chapter aims at explaining the problem being considered in this thesis and the importance of
finding a sustainable solution(s) to address it. It includes the background, significance, objectives, and
list of journal papers arising from this study. Thereafter, for easy comprehension and convenience, the
structure of the thesis has been explained.

1.1 Background
Due to the advanced design technologies and tools, the manufacturers are more concerned about
achieving greater productivities by reducing production time without compromising quality [1]. Multispindle heads are one of the accessories of advanced technology used for drilling operations that reduce
machining time remarkably, as they produce multiple holes simultaneously [2]. In a conventional
drilling process, a round hole in the workpiece is produced using a cutting tool with multiple cutting
edges [3]. However, multi-spindle heads use two or more spindles to create multiple holes
simultaneously on the same plane, hence reducing the machining time significantly [4].
Indeed, CNC machines are mainly used for high volume production tasks; however, it is the best choice
when various components should be used [5]. Therefore, utilizing a multi-spindle drill head could
provide efficient results and the highest productivity for producing large quantities of similar parts. At
the same time, it is also worth noting that a skilled machinist has the choice of using the multi-spindle
or poly-drill head on the conventional drilling machines, CNC machines, and special purpose machines
(SPMs) [4]. Furthermore, multi-spindle drilling can be helpful in manufacturing industries to increase
productivity at a high rate and without compromising the hole quality [1].
The drilling process constitutes a large portion of all machining processes in several manufacturing
industries [6]. In the aerospace industry, drilling is one of the most commonly used machining processes
during all manufacturing stages of an aircraft, especially prior to the joining process, where many holes
are required for the assembly of different structures [7-11]. For example, a large commercial aircraft
wing is joined together by almost 750,000 bolts and rivets [12]. Also, according to Felkins et al. [13],
large ships contained well over a million rivets before they were replaced entirely by welding after the
1950s. The RMS Titanic, which sank back in 1912, contained three million rivets. Therefore, drilling
is considered a vital operation for many industries, and their success depends upon efficient
performance. However, the major challenges that arise from the drilling process are characterized by
low hole quality, which results in the rejection of parts at the assembly stage, and directly impacts the
manufacturing cost. Therefore, the accuracy of the drilled holes plays a vital role in the longevity and
performance of the machined components, which in turn increase productivity and quality.
In the literature, most of the previous studies focus only on the one-shot drilling process when a single
tool was used to create holes in various materials depending on the applications. It is worth noting that
in industries like aerospace, where a large number of holes is required, there is a need to improve
1

productivity by reducing the machining time and maintaining hole quality. Therefore, simultaneous
hole drilling using a multi-spindle head or poly-drill head with multiple tools can be an excellent choice
for mass production to improve productivity [1,3].
Therefore, this study investigated the holes produced during the multi-hole simultaneous drilling
approach under dry conditions using different cutting parameters, tool geometry, tool materials and
coatings to help manufacturers improve productivity.

1.2 Significance and motivation of current research
High precision drilling is required to ensure the structural integrity of the aircraft. Therefore, strict
quality controls are necessary to ensure optimum hole quality since hundreds of thousands of holes are
drilled into different aircraft structures. Furthermore, the integrity of machined holes depends on many
parameters, some of which are related to the cutting tool (geometry, coating, material). Other influential
parameters are related to the machining process variables (spindle speed, feed rate, workpiece material),
all of which can affect the quality of the hole and drilling induced damage on its surface. This motivates
both academia and industries to further research on the application of drilling operations.
To date, investigations on drilling operations have been done using a one-shot single drill process.
Therefore, this study provides scientific and industrial communities with advantages and disadvantages
through better drilled-hole quality inspection using the multi-hole simultaneous drilling approach,
which is useful in industries where holes are required for mass production to save time and increase
productivity.

1.3 Aim and Objectives of the Study
This study aimed to extend the fundamental knowledge of drilling operations using a multi-hole
simultaneous drilling approach to improve productivity without a compromise on hole quality.
Therefore, the current research includes a series of publications on the multi-hole drilling process of
aluminium alloys used in various industries such as aerospace, automotive and marine sectors. First, a
preliminary study and evaluation against a one-shot drilling process were done on Al5083 aluminium
alloy. The study was extended to optimise and model process parameters using the Taguchi method and
Fuzzy logic approach for better hole quality. In addition, analysis of variance and regression analysis
was implemented to indicate the significance of drilling parameters and their impact on the measured
responses. Furthermore, the machinability of Al2024, Al6061, and Al5083 alloys was investigated
using a multi-spindle drilling process. Additionally, a multi-layer perceptron neural network model was
developed, which could be useful for industries and manufacturing engineers for predicting the surface
roughness in multi-hole simultaneous drilling processes. The details on these studies are published in
peer-reviewed international journals and listed in section 1.4. However, the focus was mainly given to
Al2024, which is the commonly used aerospace alloy. Therefore, the main objectives of this research
are as follows:
2

I.

To study a comprehensive literature survey of previous research and published machinability
data for drilling aluminium alloy.

II.

To provide a comprehensive understanding of the role of drilling parameters in aluminium
alloys, especially Al2024, in multi-hole simultaneous drilling process.

III.

To evaluate the effects of tool geometry, tool materials and coatings, and the maximum and
minimum possible center-to-center tool distances of the multi-spindle head when drilling
aluminium alloy during the multi-hole simultaneous drilling process

IV.

To investigate key output drilling parameters including thrust force, chips formation, postdrilling tool conditions and hole metrics such as the surface roughness, hole size and circularity
error, circularity, cylindricity, perpendicularity, and burrs formation during multi-hole
simultaneous drilling

V.

To examine the surface defects at the top- and bottom-hole edges and inside the hole using
scanning electron microscopy

VI.

To analyse the result using the analysis of variance (ANOVA) technique to assess the
percentage contribution of each input parameter on drilling output parameters.
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1.5 Thesis Outline
This thesis is structured in the format of “Thesis with publication1”. The thesis chapters are organized
and presented as follow:
Chapter 1 presents the thesis background, significance, and motivation, the aim and objective of the
work, followed by the list of publications in the current research and the layout of the thesis with a brief
description.
Chapter 2 gives a detailed review on some of the most important aspects of the drilling operation and
most noticeable published work, such as the performance evaluation of drilling in the aerospace
industry, cutting forces in the drilling process, tool geometry, tool materials and coatings, the
characteristics of hole quality and tool wear in the drilling process of aluminium alloys, especially
Al2024. This chapter is published as a review paper in the “Journal of Materials Research and
Technology”, an official journal of Elsevier publishers.
Chapter 3 presents the feasibility of tool configuration and the effect of tool material and tool geometry
in multi-hole simultaneous drilling of Al2024. This study investigates the use of the multi-spindle head
with different tool configurations, tool materials and tool geometry during multi-hole simultaneous
drilling of Al2024. A comparison is made among the high-speed steel drills (diameter: 6 mm, point
angle: 118º) and two different carbide drills (diameters: 6 mm and 10 mm, point angle: 140º) as well as
the maximum and minimum possible center-to-center tool distances of the multi-spindle head. This
chapter with the same title except with limited modification in layout for consistency in the thesis has
been published in “The International Journal of Advanced Manufacturing Technology”, an official
journal of Springer publishers.
Chapter 4 investigates the drilling performance of uncoated carbide and TiN- and TiCN-coated carbide
drills in the multi-spindle drilling process of Al2024. The study examines the thrust force, burr
formation, and surface roughness. In addition, an artificial neural network (ANN) was employed for the
prediction of surface roughness using the multi-layer perceptron (MLP) technique. The research work
of this chapter has been published in the “Applied Science, in a special issue: New Trends in Advanced
Manufacturing in the Aeronautical Sector”, an official journal of MDPI.
Chapter 5 includes the use of multi-spindle drilling using the TiAlN- and TiSiN- coated carbide drills
were used to assess cutting forces, hole surface roughness, burr formations and tool conditions when
machining Al2024. Analysis of variance was employed for estimating the relationships between the
input parameters (spindle speed, feed, and tool coating) and the studied hole quality metrics. Further, a
regression model was developed with a regression coefficient of more than 90% for the prediction of
measured responses. This chapter with the same title except with limited modification in layout for

6

consistency in the thesis has been published in “The International Journal of Advanced Manufacturing
Technology”, an official journal of Springer publishers.
Chapter 6 elaborates the examinations of the surface defects inside holes and at the top- and bottomhole edges using scan electron microscopy and the geometric tolerance of holes, such as hole size,
circularity, cylindricity and perpendicularity in multi-spindle drilling of Al2024 Alloy. This chapter has
been published in the “Metals in a special issue: Optimization and analysis of metal cutting processes”,
an official journal of MDPI.
Chapter 7 provides the conclusions and outlines possible future research questions/suggestions.

__________________________
1
“Thesis with Publication” is an acceptable format of thesis for postgraduate research at ECU
policy. In this format, the submitted thesis can consist of publications that have already been
published, are in the process of being published, or a combination of these.
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CHAPTER 2: A REVIEW: DRILLING PERFORMANCE AND HOLE
QUALITY
OF
ALUMINIUM
ALLOYS
FOR
AEROSPACE
APPLICATIONS
This chapter has been published as a review paper in the ‘Journal of Materials Research and
Technology’, an official journal of Elsevier, as listed in Section 1.4. The details presented here are the
same, except for some changes in the layout to maintain consistency in the presentation throughout the
thesis. This chapter presents the general outlook of the current research relevant to the thesis. Although,
each chapter of the thesis also describes the literature review relevant to the defined objectives, as
described in Section 1.3. This chapter helps identify the research gaps on a broader scale as considered
by the current research.

2.1 Introduction
Aluminium is a consumer metal of great importance due to its high range of applications in industries
like automotive, building and construction, electrical and electronics, transport, marine as well as
aerospace industries [14]. The future market forecasts predict that the aluminium market will rise to
US$189.8 billion by 2026 rising from US$147.2 billion in 2018 [14]. In the automotive industry alone,
it has been projected that the average content of aluminium in a car will reach 250 kgs by 2025,
compared to 35 kgs in the 1970s [15], and it accounts for 40% of the weight of certain private cars [16].
In addition, 80% of the weight of a typical civilian aircraft is composed of aluminium. Figure 2.1 shows
the use of aluminium in commercial airlines [17].
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Figure 2.1: Aluminium in commercial airlines [17].
The application of aluminium alloys and numerical designation with a main alloying element as
well as modifications of alloy with the class according to the aluminium association is given in
Table 2.1 [18,19].
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Table 2-1: Description of aluminium alloys [18,19]
Series

Main alloying
elements
1XXX Commercially
pure aluminium >99 %
purity

Applications

Low cost commercially pure having no alloying elements.
Mainly used in chemical industries due to its resistance to
chemical attack and corrosion. Also, used in electrical
appliances due to superior conductivity
2XXX Copper
Used in an aircraft application, susceptible to corrosion as
compared to other alloys. Alloys such as Al2024 have
superior machinability
3XXX Manganese
Used in anodizing and welding applications
4XXX Silicon
Used for welding wires and brazing alloy for joining
aluminium, mostly used for architectural applications
5XXX Magnesium
Good welding characteristics and resistance to corrosion in
seawater applications
6XXX Magnesium
and With an equal amount of magnesium and silicon, alloys in
Silicon
this series are used in automotive applications, they have
good formability, machinability, and corrosion resistance
7XXX Zinc
Highest strength among all series. Mainly used in aircraft
structures and mobile applications
8XXX Other elements
Reserved for alloying elements other than those used for
(including lithium)
Al2xxx to 7xxx such as iron, nickel, aluminium-lithium
alloy.
Designation System
1st digit shows the alloy types, 2nd digit shows the alloy modifications if other than 0 whereas
3rd and 4th digits represent the purity of aluminium of the specific aluminium alloy.
Temper designation for aluminium alloy
Suffix letter “F,” “H,” “O,” “T,” or “W” indicates basic treatment condition
F: As fabricated
O: Annealed (wrought products only)
W: Solution-treated
H: Cold-worked (strain hardened)
T: Age-hardened
T1: Cooled from fabrication temperature and naturally aged
T2: Cooled from fabrication temperature, cold-worked and naturally aged
T3: Solution treated, cold-worked and naturally aged
T4: Solution treated and naturally aged
T5: Cooled from fabrication temperature and artificially aged
T6: Solution-treated and artificially aged
T7: Solution-treated and stabilised by over-ageing
T8: Solution-treated, cold-worked and artificially aged
T9: Solution-treated, artificially aged and cold-worked
T10: Cooled from fabrication temperature, cold-worked and artificially aged
In the aerospace industry, the introduction of composites has limited the role of aluminium in airframe
designs up to a certain extent due to aspects of their fatigue performance, reduced weight, and corrosion
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resistance. However, low impact resistance, complex mechanical behaviour due to environmental
conditions i.e. moisture absorption as well as repair and recycling remains a considerable challenge for
composite [17]. Correspondingly, aluminium alloys are still used in the aerospace industry as a structural
material due to their mature manufacturing processes, corrosion resistance, lightweight, and low cost
relative to other metals and composites [20].
The important parameters for designing aircraft structures include fatigue resistance, density, fracture
toughness, strength, and corrosion resistance [20]. Additionally, there is a compressive load on the upper
side when subjected to tension during static weight, where the opposite happens to the lower part;
therefore, careful optimization of tensile and compressive strength is needed during flight [20]. Thus,
aluminium being the lightest metal can readily replace other metals and sustain pressure loading on the
wings which has increased due to the construction of larger aircraft [21]. In this regard, different types
of aluminium alloys are used in the aerospace industry where some of them are given in Table 2.2.
However, the common classes are mostly from 2xxx and 7xxx series [22]. 2000 series alloys have good
resistance to fatigue crack growth and possess superior damage tolerance. Therefore, they are
commonly used in fuselage skins and in the lower wings of aircraft where fracture toughness i.e.
resistance to crack growth is an important design parameter [19]. Al2024-T3 is the most common 2000
series alloy used in fuselage construction [23]. The 7000 series are normally used in the upper wing
skins, where strength is the primary design factor [19]. Al7075-T6 is the best-known alloy of the 7000
series that is used in aircraft applications [24].
Table 2-2: Alloys of aluminium used in the aviation industry [20,25-27]
Aluminium alloy

Typical application in the aviation industry

Al2024-T3 Al2024-T4, 2524, Fuselage skin, wing skins, cowls, also used for repair and
2224-T351, and 2324-T39
restoration
6061-T6

Landing mats, frames, fuselage, and wings

Al3003

Cowls and baffle plating.

Al5052-H32

Fuel tanks

Al3003-H14

Cowls and baffle plating

Al7075

Wing skin and fuselage (military aircraft)

Al2219

The external fuel tank on the first successfully launched space
shuttle, Columbia.
Aesthetic and architectural finishes and intricate extrusions

Al6063
Al7475, Al7075-T6

Fuselage bulkheads of larger aircraft, wing skins, stringers, and
horizontal/vertical stabilizers

2.2 Performance evaluation of drilling in the aerospace industry
In the aerospace industry, drilling with a twist drill is the most important machining process as millions
of holes are required for the assembly operations of an aircraft structure, especially in producing riveted
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and bolted joints [7]. These structures usually undergo constant shock and vibration during aircraft
service which could promote fatigue failure due to cyclic loading below the material yield strength [28].
Also, the fastener holes are produced manually using pneumatic handheld drilling units in which the
drill feeds into the fuselage skin of the aircraft [28]. In the drilling process, the material is removed by
the chisel edge where the chips are evacuated through the flutes. This causes the generation of high
thrust force and the effective dissipation of heat becomes difficult [29]. The generated heat, which is
caused by the friction between the drill, chip, and fuselage skin, increases the surface roughness and
consequently develops the regions of stress concentration [30]. When fastener holes in the fuselage skin
of aircraft create regions of concentrated stress, there are chances of propagation of fatigue cracks which
directly affect the fatigue life of aircraft structures and reduce their reliability [31]. The fatigue life of
metal aircraft structures depends on the material properties which are highly influenced by the
machining process parameters and cutting tool used for hole making process [32]. Furthermore, the
plastic deformation of workpiece by the tool causes residual stresses which are strongly affected by the
machining parameters [33]. Therefore, the residual stress in the hole surface can also contribute to the
fatigue behaviour of the alloys [28]. Previous studies reported that the residual stresses in a hole vary
with its thickness and are higher at the exit side than at the entrance of the hole [34]. In addition, there
is a possibility of micro-smearing. Smearing is undesirable in the aerospace industry as it covers the
surface defects and cracks, thus leading to premature failure of components [35]. Hence, the life of the
joint depends on the quality of holes which is based on drilling performance [36].
Therefore, the major challenge of drilling in aeronautical structures is the stringent requirements of hole
quality metrics by the aerospace industry [37]. Some of the most important hole metrics are hole surface
finish, which is also known as the hole surface roughness, burr formation, and dimensional accuracy
including deviation from hole size, and circularity error [11]. Thus, maintaining a good hole quality is
important to avoid crack initiation within the airframe structure, which is one of the main reasons for
part rejection at the assembly stage [28]. To overcome these problems, jigs are used in the aircraft
industry to provide an effective drilling approach. The drilling jigs help to position the handheld drilling
unit into the right drilling point on the structure, keep the connecting holes normal to the mating
interfaces, and prevent deviation caused due to tool vibration, which allows the mating parts to fit
precisely [38]. The process is performed either manually or semi-automatically using drilling machines
or drill feed units. However, due to the rising need for aircraft, manufacturers such as Airbus are
increasingly moving towards automated processes to generate holes in large numbers with precise
tolerances [39]. In addition, Tolouei-Rad [4] describes the utilization of special purpose machines and
multi-drill heads when many holes are drilled simultaneously on the same plane. This results in a
significant reduction in drilling time while achieving uniformity of holes produced. This can also lead
to reduce the use of drilling jigs due to the specific design of spindles and machines.
Furthermore, in aeronautical structures dry drilling is used to reduce the need for cleaning before
installing rivets to get high-quality holes [40]. Dry machining is also economical as it eliminates the
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cost of cutting fluid and the costs associated with its disposal which often exceeds the cost of purchase
[41]. In addition, dry machining consumes less electrical power than what is required for the wet

machining [42]. Moreover, the use of coolants should have been a focus of intense regulatory scrutiny
[43]. In dry machining, chips produced can be recycled and used for other processes without any post-

processing whereas the use of the cutting fluid can mix the formed chip and; therefore, needs to go
through a proper cleaning process to remove the chemical additives for reuse [44]. Further, dry
machining is environmentally friendly and does not impose any hazards to health [45]. Dry machining
is also economical and can greatly reduce costs when compared to normally incurred cutting fluids,
which has a direct impact on manufacturing costs [46]. Contrastingly, with dry machining, there is a
greater chance of tool wear and built-up edge (BUE) which reduces the tool life [47]. This, in turn,
requires frequent tool changes which affect the machining process and adds extra costs. Hence, the
aerospace industry not only requires materials with specific physical and mechanical properties but also
an appropriate selection of tool geometry, tool material and coatings, as well as proper cutting speed
and feed, and drilling machines [48]. This motivates both academic and industries to further research
the application of drilling operations in the aircraft industry [49]. In addition, most published reviews to
date on aluminium alloys have focused on other machining processes with a lack of considerable study
on the drilling of aluminium alloys, especially those used in the aerospace industry. Therefore, the
current review aims to fill this gap and cover different aspects of the drilling process of aluminium
alloys with special attention given to aerospace alloys.

2.2.1 Cutting forces in the drilling process
In machining, cutting forces are the result of the cutting tool when it machines the material and gives
an idea of how difficult is to machine a certain material [50]. These cutting forces include the primary
and secondary cutting forces. The primary cutting forces are the direct force that comes from the relative
motion of the tool with respect to the workpiece while the secondary cutting forces are generated as a
response to the primary cutting forces such as the occurrence of vibration during machining [50].
Generally, in metal cutting, the material deforms and separated through plastic deformation by the
action of the tool. As the tool moves into the material and exceeds its yield strength, there is elastic and
then plastic deformation of the material where large forces are produced [51]. However, the cutting
forces in metals are uniform because the uncut chip thickness is always constant [50].
In the drilling process, two types of cutting forces are of importance: the axial (often referred to as the
thrust) force and the torque. Thrust force (Fz) is the perpendicular force to the workpiece surface which
is required to keep the cutting tool in the workpiece during its translational motion. The torque is simply
known as (Mz) is the amount of force required by the machine spindle to rotate the cutting tool during
the drilling. Other forces generated in x and y directions are not significant in drilling because they tend
to be very small in comparison with the Fz and Mz [52]. Cutting forces are the important characteristics
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of the drilling process as they can directly affect the quality of holes and the cutting tool life, surface
quality, vibration, and ultimately power consumption [53].
Figure 2.2 shows the forces exerted on a cutting lip and the torque direction. The horizontal force (FH)
lies on the XY plane is perpendicular to the axis of the drill bit and generates a resistant torque because
it acts itself out at a certain distance from this axis. The normal force (FN) is then divided into two
components i.e. the radial force and the thrust force. The radial force (Frad) is perpendicular to and the
thrust force (Fthrust) is parallel to the Z-axis [54].

Figure 2.2: The forces exerted on the drill bit [54].
In general, smaller cutting forces are required as high cutting forces might cause the axis of the spindle
to rotate more which ultimately affects the quality of any machined surface. High thrust force can also
reduce the tool life and sometimes lead to early tool failure while large torque shows that there is more
friction between the tool and the workpiece, which means more heat is produced that causes high
temperature at the interface of tool-workpiece [55]. Normally, a low thrust force and low torque are
possible at a high cutting speed and low feed rate [56]. A high feed rate results in an increase in the chip
cross-sectional area where thicker chips are cut thus raise the chipping resistance and the energy
required for cutting which consequently increases the thrust force [57-59]. While the high cutting speed
might result in high temperature which increases the ductility of the material hence, the thrust force
decreases. Therefore, mechanical properties of a material, such as its ductility, hardness or its ultimate
tensile strength, might also affect thrust force [60]. Moreover, the drill with large diameter also produces
large thrust force and torque due to the greater undeformed chip area. In addition, if the helix angle is
greater, there are more chances for the chips to easily form subsequently, there is a decrease in thrust
force and torque. Besides, the high point angle also contributes to large thrust force due to the decrease
in the undeformed chip thickness provided that all other machining conditions are kept unchanged.
Also, Arshinov and Alekseev [61] reported that the larger the chisel edge angle, the larger is the drilling
thrust force and torque whereas thinner web reduces the thrust force by (30-35)% compared to a drill
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having unthinned web. Other parameters affecting the cutting forces include the increase in the number
of holes and the tool wear [60]. The factors that affect the drilling cutting forces are given in Figure 2.3
[61].

Cutting speed
Feed rate
Drilling conditions
Depth of cut

Drilling forces

Coolant
Ultimate tensile strength
Workpiece material
Hardness
Drill diameter
Helix angle
Drill geometry

Point angle
Chiesel edge angle
Drill wear

Figure 2.3: Factors affecting drilling forces [62]
The cutting forces can be measured using a force dynamometer. The typical profiles of thrust force and
torque obtained during dry drilling of Al2024 using two-flute twist drill are shown in Figure 2.4. The
profile is divided into three stages: Drill engagement stage, material removal stage and drill exit stage.
Initially, the cutting tool chisel edge penetrated into the workpiece and the cutting lips started to engage
in the cutting process. However, the chisel edge of the cutting tool is not fully in contact with the
workpiece at this stage. The cutting forces continued to rise till the full engagement of the tool into the
workpiece and reached to their peak values, where they remain constant throughout the thickness of the
workpiece. These cutting forces dropped when the tool reached the end of the workpiece at the exit
stage, where they followed a profile similar to the entry-stage thus, indicated the completion of the
drilling process [63].
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Figure 2.4: Profiles of Thrust force and torque [63]
It is worth noting that the cutting forces in metals are uniform depends on drilling conditions because
the uncut chip thickness is always constant while in composites the cutting forces are cyclic due to the
instantaneous changes in the fibre orientation angle [50].

2.2.2 Tool geometry, material, and coating
Drilling has a significant share in any industry where tool geometry, as well as tool materials and
coatings, play a vital role in producing high-quality holes [7]. For instance, the point angle normally
varies between 80° and 140° [64]; however, a smaller point angle is required for metals that have low
ductility and a larger one is suggested for materials with a higher toughness [65]. The point angle can
also affect the formation of chips and cutting forces which ultimately affect the surface roughness.
According to Stephenson and Agapiou [66], thinner chips are produced when the point angle is larger,
whereas the size of the chips increases when lowering the point angle. Moreover, the selection of point
angle in machining aluminium alloys also depends on the contents of silicon (Si). Alloys of aluminium
with high Si content perform better in machining with a point angle in the range of 115° – 120°;
contrastingly, those with low or no Si contents are recommended with a point angle between 130°-140°
[65]. Furthermore, the helix angle which is considered as the rake angle in other cutting tools is also an

important aspect of drill geometry [64]. Generally, a helix angle in the range of 12° to 38° is applied in
drills depending on the application; however, the standard one is acknowledged as 30° [67]. In addition,
a large point angle and a large helix angle favours in reducing burr formation, improving the removal
of chips and preventing the materials from sticking to the drill which causes the BUE [68]. Lip clearance
angles also fulfil some role in drilling aluminium and are normally found in a range of 12° – 13°, where
the latter should be increased further to avoid the drill from breakage or when the feed rate is high or
the material is soft [69]. Besides, the drill size affects the surface roughness due to rough cuts after the
increase in cutting forces and un-deformed chip thickness [70]. However, the common range of tool size
in aerospace alloys for creating rivets and holes is usually between 5 – 10 mm [63]. Figure 2.5 shows
15

varieties of tool geometries available for drilling process [5,12,71]; however, twist drills are commonly
used which represent an industrial standard and give better hole quality [72].

Figure 2.5: Geometry of Twist drill [5,71]
Another important aspect for drilling of aluminium alloys is the tool material. The tool life depends on
the toughness, hardness, wear and thermal resistance of the tool material [50]. HSS tools are considered
as the primary choice due to their wide range of availability, low cost and toughness; however, HSS
drills are not suitable to perform at high temperature due to compromises in their hardness. Moreover,
HSS has a moderate strength which makes them unsuitable to machining [73]. Another important tool
material lies in the cemented carbide group is the tungsten carbide. Carbide tool is suitable for better
machining due to its high hardness and toughness [50]. In addition to tool materials, the use of coatings,
which describe a thin layer of microns applied to a tool surface, can further improve tool performance
by increasing the wear resistance. Furthermore, the use of coated tools performs better at high
temperature, which makes them a good choice at higher cutting speeds [50]. The coatings to the tools
are normally applied using the chemical vapour deposition (CVD) and the physical vapour deposition
(PVD) techniques where the typical thickness of coating varies from 2 to10 mm [74]. The research on
different tool geometry, as well as tool material and coatings, is given in Table 2.3.
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Table 2-3: Previous studies based on different drilling parameters, drill geometry, materials,
and coatings.
Aluminium Drill geometry
alloy
Al2024
D=6
θ = 130°,140°,180°
Ψ = 30°, 40°
Al2024

Al7075-T6

Al2024

Al2024
Al7075
Al2024,
Al7075,
Al7050
Al2024
Al-6061,
Al-6351,
Al-7075
Al7075

Al7075

Al 2024
7076-T6

D=6
θ = 130°
Ψ = 30°

𝐷𝐷 = 10
𝜃𝜃 = 130°
𝛹𝛹 = 30°

D = 10
θ = 118°
Ψ = 24, 30°

D = 10.08
θ = 118°
Ψ = 30°
D=5
θ = 90°, 118°, and
135°
D = 8, 10, 12
D=6
θ = 130°
Ψ = 30°, 40°
D = 10
θ = 90°, 118°

D= 5
θ = 120°,130°, and
140°

θ = 120°,130°, and
140°
D= 10
θ = 118°, 126°, and
134°
D= 4.826
θ = 110° and 130°
Ψ = 15° and 30°

Drilling parameters
𝑉𝑉𝑐𝑐 = 24 to 164
𝑓𝑓 = 0.04
𝑉𝑉𝑐𝑐 = 25 to 165
𝑓𝑓 = 0.04

𝑉𝑉𝑐𝑐 = 150, 200
and 250
𝑓𝑓 = 0.2, 0.3, 0.4, 0.5,
and 0.6
𝑉𝑉𝑐𝑐 = 30, 45 and 60
𝑓𝑓 = 0.15,0.20
and 0.25
𝑉𝑉𝑐𝑐 = 30, 45 and 60
𝑓𝑓 = 0.15,0.20
and 0.25
𝑉𝑉𝑐𝑐 = 4, 12, and 20
𝑓𝑓 = 0.1, 0.2, and 0.3
𝑉𝑉𝑐𝑐 = 20, 30 and 40
𝑓𝑓 = 0.05, 0.1, and
0.15
𝑛𝑛 = 1500, and 5000
𝑓𝑓 = 0.04
𝑛𝑛 = 90, 200, 250,
and 400
𝑓𝑓 = 0.15, 0.2, 0.3,
and 0.36
𝑉𝑉𝑐𝑐 = 40, 80 and 120
𝑓𝑓 = 0.05, 0.1, and
0.15
𝑉𝑉𝑐𝑐 = 60, 100, and
140
𝑓𝑓 = 0.05, 0.1, and
0.15
𝑉𝑉𝑐𝑐 = 8, 16, and 24
f = 0.04, 0.08, and
0.12
n = 1500 and 2600
f = 0.05 and 0.1

Drill material/
coatings
Uncoated carbide
TiAlN coated carbide
TiN coated carbide
Hardlube: TiAlN +WC/C
Diamond coated carbide
TiN + Ag coated carbide
Uncoated carbide
Uncoated HSS
Carbide hardlube: TiAlN +
WC/C
Uncoated carbide
Hardlube: TiAlN + WC/C
Balinit Triton: diamondlike carbon
Uncoated HSS
TiAlN-coated HSS
%5 Cobalt-coated HSS
TiN-coated HSS
Uncoated HSS
TiAlN HSS
TiN HSS
HSS drills

Objective

Ref

R, Z, B,

[68]

R, Z

[75]

W, B, T,
C, P

[46]

R, Z, C

[76]

RZ

[77]

B, R

[78]

HSS

B, R

[79]

HSS
HSS cobalt

WZ

[80]

HSS

F, Z

[81]

Tungsten carbide

F

[82]

Tungsten carbide

R

[83]

HSS

B

[84]

Tungsten carbide

R, B, Z,
CF

[62]

Symbols: Drill diameter: D (mm), Point angle: Φ, Helix angle: ѱ, Spindle speed: 𝑛𝑛 (rev/min), Feed: 𝑓𝑓 (mm/rev)
Cutting speed: 𝑉𝑉𝑐𝑐 (m/min), Feed speed: 𝑉𝑉𝑓𝑓 (mm/min), Cutting forces: F (N), Surface roughness: R (µm), Burr
formation: B, Circularity/roundness error: C, Hole size: Z, Built-up edge: BUE, Chip formation: CF, Drilling
temperature: T, Power: P, Microhardness: H, Tool wear: W
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For instance, Nouari et al. [68] carried out experiments on Al2024 using uncoated carbide and coated
carbide drills with different drill geometries. They concluded that low values of the surface roughness
were obtained at high point angle and helix angle. The drill with the highest point angle of 180º also
contributed well in minimizing the formation of burrs. In addition, minimum deviation from nominal
drill size was obtained when there was a decrease in the web thickness and, increase in helix angle and
point angle. Furthermore, it was reported that uncoated drills provided lower surface roughness
compared to coated drills, where a possible explanation for this might be due to the low feed rate.
However, diamond-coated drills were shown to be better at producing a minimum diameter deviation
at high cutting velocity. Overall, their study concluded that coated drills did not contribute well to
machining quality except for diamond and (TiAlN + WC/C) coated drills which were found to have
results close to those of uncoated drills. In another study by Nouari et al. [75], authors concluded that
uncoated and coated carbide drills performed better than HSS drills, giving less deviation from the hole
size and low values of surface roughness. Coated carbide drills were further recommended for the best
results at high cutting speeds if tool cost is not essential even for fewer holes. This was attributed to the
fact that the coating material acted as a thermal barrier from high temperature and limited the diffusion
process; thus, reducing tool wear at high cutting speeds. Furthermore, HSS drills were not
recommended for dry drilling of Al2024; however, the authors did not mention any reason for not using
the HSS drills, where it is expected that the moderate strength of HSS drill might have made them
unsuitable to machining [73]. Rivero et al. [46] used uncoated and coated carbide drills for dry drilling
of Al7075-T6. It was found in their study that using Balinit Hardlube low torque, low power
consumption, and less burr formation were obtained with increased tool life, specifically at high cutting
speeds. On the other hand, more power was consumed using Triton coated tools than when drilling with
uncoated drills. Further, it was noted that high power consumption augmented heat which increased
plastic deformation of the workpiece, where subsequently the risk for burr formation increased. It was
also observed that at the same drilling conditions, the lowest burrs were found when a Hardlube drill
was used followed by uncoated drills. The Triton produced the largest burrs, where the authors
suggested that Triton coated drills might perform better compared to others when drilling conditions
were harder. The study also measured the temperature of the tools using infrared technology. The
temperature measured during drilling in coated tools was found to be higher than those in uncoated
tools, regardless of drilling parameters. This finding was contrary to results obtained in terms of torque,
power consumption and burr formation. The reason for this contradiction was justified by the emissivity
of the coatings. The authors expected that adhesion of the workpiece and the wear on coating drills
might have changed the emissivity of the tool; thus, rendering the method more sensitive to error. Kurt
et al. [76], also studies the impact of cutting speed, point angle, and coating materials on different
characteristics of hole quality. The combination of point angle and selection of coated tool was: 118°,
TiN: 118°, TiAlN: 118°, Cobalt (Co) 5%:130°, TiN: 130°. The findings of their study suggested that
the high cutting speed and feed rate contributed to the higher values of surface roughness and roundness
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of holes due to increases in drilling temperatures, vibrations and chatter. The point angle affected only
hole size and did not contribute significantly to affect the surface roughness or hole roundness. The
uncoated HSS with a point angle of 118° was considered better at low cutting parameters; however, the
TiAlN and TiN coated HSS drills with a point angle of 118° were not suggested for drilling at low
cutting parameters. Overall, the HSS-Co 5% with a point angle of 130° was found to outperform in all
cutting parameters. However, no reason was presented for the best performance of Co 5% HSS drills.
Kurt et al. [77], also confirmed that uncoated HSS drills with low cutting speed and feed rate resulted
in low surface roughness and minimum diametral error. Additionally, Kilickap [78] concluded that low
burr height and low surface roughness were obtained at low cutting speed low feed rate and highest
point angle. Burr height was more affected by point angle followed by feed rate and cutting speed,
whereas surface roughness was greatly influenced by cutting speed followed by point angle, and less
affected by feed rate. Moreover, Köklü [79] have concluded that feed had more impact on burr height,
following the cutting speed and drill size. In addition, higher values of surface roughness were found at
high cutting speed as compared with feed rate and drill size. The drill size showed a lower impact on
the surface roughness and burr height; however, the best result in terms of drill size was examined at
the lowest drill diameter. Davoudinejad et al. [80] observed in their study that hole size was more
affected at the entry side. In addition, the deviation in hole size from its nominal diameter was greater
at high cutting speeds, which they related to the high vibration of the tool. The longest tool life was
examined at low cutting speed using the HSS-Co drill as compared to HSS drill. The higher cutting
speeds were found to be the main reason for the tool wear, which then affected hole quality. In a study
by Reddy et al. [81], the diametral error was affected more by the feed rate after the cutting speed and
point angle whereas, in case of thrust force, the cutting speed was found to be more dominant, regardless
of different alloys. In addition, diametral error and thrust force were high in alloys with a high ductile
nature due to high BUE on tools. Gunay et al. [82] reported that low feed rate and high point angle
generated low thrust force during drilling of Al7075. However, the highest contribution to thrust force
was due to feed rate with minimal impact of point angle and cutting speed. Besides, Yaşar et al. [83]
investigated that the surface roughness increased with the increase in cutting speed and feed rate;
however, the cutting speed was found to be the major influencing factor as compared to feed rate and
point angle. The reason for high surface roughness at high feed rate was justified by the high thrust
force which increased the chip volume thus, affected the surface roughness. In addition, a point angle
of 130° was recommended for optimal surface roughness. In addition, Kumar et al. [84] concluded that
point angle was a significant factor that affected the burr size following the cutting speed, whereas the
impact of feed rate on burr size was least significant. Hassan et al. [62] also recommended increasing a
point angle from 110° to 130° for the low surface roughness and less formation of burrs around the hole
edges.
The above discussion indicates that most of the researchers have recommended a large point angle and
a large helix angle for better drill hole quality, improving the removal of chips, and preventing the
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materials from sticking to the drill which causes the BUE. The high drill size affects the surface
roughness due to rough cuts after the increase in cutting forces and un-deformed chip thickness.
Furthermore, carbide drills are recommended as better tool material due to their high hardness and
toughness as compared to HSS. Also, the use of coatings can further improve tool performance by
increasing the wear resistance at higher cutting speeds. However, the use of coated tools in drilling
aluminium needs further research to overcome the problems associated with the built-up edge and
quality of holes.

2.2.3 Characteristics of hole quality
The characteristics of hole quality include the hole size, circularity or roundness error, burr formation,
and surface roughness, as given in Figure 2.6. High rejection rates of aircraft components reaching 60%
are due to poor hole quality in final assembly, which is a challenging problem that requires on-going
studies to overcome hole quality issues. Therefore, it is necessary to control the number of rejected parts
due to poor hole quality [85]. The following section includes the problems associated with the hole
quality and suggestions for their improvement in the drilling process.
Surface
roughness

Burrs

Hole quality

Circularity

Hole size

Figure 2.6: Characteristics of hole quality

2.2.3.1 Surface roughness, burrs, hole size and circularity error
Surface roughness can measure the surface finish to evaluate surface irregularities of a workpiece due
to any machining operations [86]. Surface roughness is generally measured as the average roughness
(Ra), which is commonly used in the industries [74]. Surface roughness is one of the major
characteristics of hole quality, where high surface roughness in holes causes excessive wear and fatigue
in the material which has a direct impact on the manufacturing process and ultimately the manufacturing
cost. The factors that affect the surface roughness in the drilling process are given in Figure 2.7 [87].
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Factors contributing surface roughness

Occurrence of built-up edge
chatter or vibrations in the machine tool
Defects in the structure of the workpiece
Tearing of the material when cutting ductile materials at low cutting speeds
Formation of discontinuous chip when machining brittle materials
Surface damage caused by chip flow

Figure 2.7: Factors that affect surface roughness [87]
Furthermore, during drilling, there are chances of burrs formation. These burrs are small pieces of
deformed material and are normally formed at both the entry and exit of holes around hole edges, which
affect dimensional accuracy. The burrs at the entrance are usually small and easy to remove when
chamfering the holes; however, exit holes are difficult to remove [88]. According to Ko and Lee [89],
the material gets plastically deformed as the drill approaches the exit of the hole, and if the material
does not sustain the deformation then it is highly expected that a crack initiated at the edges of the hole.
In addition, there is a possibility of fracture either at the centre or in the remaining portion of the hole.
Furthermore, when the drill reaches the exit side of a hole, some of the material is pushed out by the
thrust force without being cut; thus, forming burrs [90]. According to Mann and Milligan [91], brittle
materials are more prone to fracture at this stage as they cannot bear even a small amount of plastic
deformation which means that burrs highly depend on material properties. Burrs are also responsible
for causing stress concentration which results in fatigue failures, and corrosion; hence, reduces the life
of the aircraft. Therefore, de-burring is required to remove burrs which takes up to 30% of the total
manufacturing cost [92]. De-burring is generally done manually [93], where the machining time
increases and production efficiency reduces [94]. Burr size can be evaluated through height and root
thickness. Burrs can be measured using profile-meters [95], optical microscopes [96], and image
processing software. Figure 2.8 shows the burrs formed during drilling operations [97].

Figure 2.8: Burrs around the hole edge [97]
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Figure 2.9 shows the mechanism of burr formation [57] and the geometric features with burr width and
height detected during the simulation and experimental procedure in drilling process used for the
characterization of burr [57,98]. Burrs are normally formed in the uniform, transient, and crown shapes
which depends on workpiece material properties, drilling parameters, cutting forces, and chips
formation [99]. The uniform burrs are formed by the first fracture in the centre of the hole when the
compression stress is applied by the chisel edge to the material. With the advancement of the tool, a
second break occurs around the hole as the region of the plastic deformation extends from the centre of
the hole to the edges of the drill. In the transient burr, the fracture occurs at the same time in the centre
of the hole and around the hole at the exit. Crown burrs are large sizes around the exit hole and irregular
in shape. It is worth noting that the high plastic deformation in the centre of the hole occurs due to the
rise in thrust force as a result of high feed rate [57].

Figure 2.9: Mechanism of burr formation in a drilling process and geometric features of crown
burrs [57,98].
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Other characteristics of hole quality include circularity error (roundness error) or hole size. The
tolerance for rivets and bolts required in the aerospace industry while using a standard twist drill is as
low as ± 0.025 mm [100]. Deviation from the nominal size of holes i.e. diametric deviation or circularity
is significant for the performance of any machined parts; however, they need more attention like surface
roughness. Therefore, tight tolerances of holes are very important for achieving quality holes [101].
Table 2.4 shows the effect of drilling parameters on several hole quality metrics when drilling
aluminium alloys.
Table 2-4: Influence of input parameters on the output parameters
Output parameters
Input
parameters

Surface roughness

Hole size and roundness
or circularity error
decrease
Increase

decrease

Increase

decrease

[68,102]

[78,79,84,
102]

[36,62,103
]

[36,63,68,7679,81]

[62]

[78,79,102
,103]

[62]

↑ Point angle

[81]

[62,68,78]

[84]

[62,68,78]

[81]

-

↑ Helix angle

[62]

[68]

-

-

-

[68]

↑Drill
diameter

[79]

-

[79]

-

-

-

↑ Speed
↑ Feed

Increase

Burrs

[63,76-79,81]

[63,76,77,80,8
1]
[63,76,77,81]

[63]

For instance, Hassan et al. [62] recommended high speed and feed rate to reduce the burr height in
aluminium. They investigated that the hole surface roughness increased at low point angle of 110º
compared to 130º and when drilling at a lower feed rate. In another study by Uddin et al. [102], a smaller
feed rate was recommended for dimensional accuracy of holes while no noticeable impact of the spindle
speed was found. In addition, more burrs were formed when an increase in both the spindle speed and
feed rate was noted. Particularly, burr size increased with the feed rate when the spindle speed was
larger. In general, the burr thickness was influenced more than the burr height by the spindle speed. In
case of the surface roughness, the higher spindle speed contributed more in lowering the surface
roughness. Zhu et al. [36], noted that a higher feed rate increased the chip thickness which deteriorated
the surface roughness, irrespective of the drill geometry and material type. It was also observed that
burr height on the entry side was more visible than that on the exit side. The entrance burrs were formed
from tearing, followed by clean shearing, whereas the exit burrs were formed due to the thermal effect
and the plastic deformation of materials. Kumar et al. [104] explained that low cutting speed resulted in
lower surface roughness, mainly due to a smaller amount of BUE. Additionally, Rimpault et al. [103]
concluded that burr height was reduced with high cutting speed or low feed rate.
In regards to aspects of tool materials and coatings, the literature indicates contradicting findings. Roy
et al. [105] reported that aluminium alloys have a higher chemical affinity for materials like TiB2, TiC,
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Al2O3, TiN, and AlON. Therefore, tools with a coating of these materials accumulate on the tool’s
surface causing a BUE due to constant release of particles during dry machining which generates high
cutting forces and affects the surface quality of the workpiece. In another study by Kalidas et al. [106],
three different types of coatings including multi-layer coatings i.e. TiAlN/TiN, TiAlN and MoS2 were
used in dry and wet drilling conditions. They concluded that coated tools did not show any major impact
on surface roughness and temperatures in the workpiece. However, Nouari et al. [75], have concluded
that carbide hardlube: TiAlN + WC/C coated drills gave low values of surface roughness. They justified
this by noting that coated drills provided a thermal barrier from high temperature by restricting the
diffusion process. Diffusion is a dominant process of tool wear at high cutting speeds that participates
in the formation of adhesive layers at the tool-chip interface and ultimately, results in tool damage.
However, based on performance, it was recommended that coated drills could be used at high cutting
speeds. In another study by Kurt et al. [76], results obtained in terms of surface roughness were found
to be similar after using TiAlN and TiN coated drills in dry drilling of Al2024, regardless of the point
angle. Furthermore, Co 5% coated drills with a point angle of 130° were suggested to outperform at
every cutting parameter selected in their investigations. The authors did not provide any reason based
on the performance of coated drills; however, they explained other influential factors such as cutting
speed and feed rate that affected the surface roughness, hole size and roundness error. They concluded
that high cutting speed caused the excessive tool rubbing on the walls of the hole which resulted in the
heating of the tool and consequently, the ductility of the materials increased. This in return caused
deformation of the hole and resulted in higher surface roughness. The high spindle speeds were
speculated to increasing vibration and chatter which also contributed to worsening the quality of holes.
It should be noted that chatter is a resonant vibration in the machine or workpiece also called the
machining vibrations are caused due to relative movement between the workpiece and the cutting tool.
In addition, roundness error at the entrance of the hole was more than at the exit. The roundness error
increased at high feed rate due to the generation of high cutting forces. Moreover, the point angle was
found a significant factor only for evaluation of the radial deviations.
The surface roughness of aluminium alloys in machining is also affected by mechanical properties [107].
Alloys of aluminium with high ductility have more tendency to form BUE, which increases tool wear
and ultimately affects hole quality especially, surface roughness and burrs [79]. However, aluminium
alloys with some embedded hard particles e.g., proportions of 20 % vol. SiCp [108] and 15 % vol. SiC
[109] can cause random pull out of the hard particles, which either stick to the tool surface causing a

BUE or scratch the machine surface [108].
The above study indicates that high-quality holes require a low cutting speed and feed rate. Most of the
researchers recommend HSS and carbide tools for drilling aluminium alloys. However, it has been
shown that carbide outperformed than HSS. In addition, a higher point angle and helix angle was
recommended for better hole quality. The advancement in drilling technologies and applications of
different techniques has increased the number of studies for improving hole quality; however, there is
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need to further investigate the impact of different drilling parameters, tool geometries as well as tool
materials and coatings.

2.2.4 Chip formation
According to the geometrical characteristics, the chips formed in metal cutting include the continuous
chips, discontinuous chips, lamellar and segmented chips. Continuous chips are formed due to high
cutting speeds, low feed rates, materials with high ductility, and the tool with sharp edges [110].
Continuous chips adhere to the tool and cause a BUE whereas discontinuous chips are produced when
hard or brittle materials are machined or when machining ductile materials with low feed rates and
small rake angles. Discontinuous chips are desirable when hard materials are to be machined as they
give a good surface finish [5]. Furthermore, lamellar chips are semi-continuous chips produced at high
cutting speed and feed rate, whereas segmented chips which are a form of discontinuous chips are
formed at low cutting speeds [110].
In orthogonal cutting, especially in turning and milling operation, the formation of chips is avoided as
they instantly leave the cutting edge. However, the way chips formed during the drilling process can be
troublesome because chips continue to flow out along the spiral flute after leaving the cutting edge.
Thick chips are difficult to break by the action of the drilling process whereas continuous chips tend to
entangle in the holes and affect the surface finish [111]. Furthermore, in drilling, chips can reduce
productivity due to breakage of the drills as a result of clogging of their grooves because of increases
in torque, which can lead to tool failure. Therefore, chip control in the drilling of aluminium alloys is
important as it may have an impact on thrust force, torque, surface roughness and tool wear. Effective
measures to control the formation of chips include mechanical properties of workpiece, tool geometry,
cutting conditions, tool materials and coatings [22]. A high Si content aluminium alloy such as 12% wt.
Si also contributes to the formation of short, fragmented chips [112].

2.2.5 Tool wear
Analysis of tool wear is important for increasing the productivity which in turns is significant for the
final cost. The selection of the right tool material means a longer tool life which depends on the tool
wear mechanism [43]. This is because, during tool wear, the material gradually removes from the tool
and the original shape of the tool changes thus affecting the surface quality. Tool wear occurs as a result
of rubbing action of metal-to-metal i.e. the tool and the workpiece that results in high temperature and
generation of stresses [74]. Different tool wear mechanism includes flank wear which results from the
adhesive and abrasive wear mechanism [105,108]. Other wear mechanisms include the crater wear which
occurs due to abrasive wear and dissolution wear. During crater wear, the tool material dissolves into
the workpiece and deteriorates the cutting edge leading to chipping [113]. Furthermore, the abrasive
wear is caused either by the presence of hard particles in the workpiece or removing small portions of
the tool itself [22]. Abrasive wear is mainly caused by both flank wear and crater wear; however, occurs
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significantly due to flank wear [5]. In addition, adhesion on the tool occurs during machining of soft
materials when chips stick to the tool surface and continue to grow in size thereby causing BUE [114].
Moreover, high cutting speed during machining of aluminium increases the temperature which is
sufficient to initiate the diffusion process [75]. Diffusion occurs when the atoms in the highly
concentrated region transfer to a low concentrated region and depend on the temperature at the interface
of tool-chip and tool-workpiece [115]. Another mechanism that contributes to tool wear is plastic
deformation and chemical reactions of the cutting edge [5]. Some of the drilling tool wear mechanism
is given in Figure 2.10.

Figure 2.10: Schematic drawing of different forms of tool wear in drilling [57]
According to Kelly and Cotterell [116], the tool faced the greatest problem in the machining of those
aluminium alloys that possess high contents of hard particles. In a study by Narahari et al. [117], it was
discussed that the performance of a tool was affected by the amount of SiCp and rapid flank wear was
observed even with the use of PCD tools. Coelho et al. [118] also found flank wear during drilling in
alloys of aluminium with Si and SiC particles using PCD tools. Furthermore, Biermann and Heilmann
[119] reported that high levels of flank wear depend on Si contents and hard particles such as Al2O3,

SiC. On the other hand, aluminium alloys with soft matrices that have Si contents normally below 7.5
wt% Si produce less wear due to their soft and ductile nature [22]. Therefore, these alloys with no major
hard particles and produce less abrasive wear; however, due to their ductile nature, there is more chance
of diffusion wear and adhesion [68] where the adhesion is considered as a significant problem in
machining these aluminium alloys [120]. The different wear mechanism in aluminium alloys observed
in previous studies is given in Table 2.5.
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Material/
Drilling conditions
Al2024,
𝐃𝐃 = 6, θ =140°,
𝚿𝚿 =30°
𝒏𝒏 = 1000, 3000,
6000, and 9000
𝑽𝑽𝒇𝒇 = 100, 300, 600,
and 900

Table 2-5: Wear mechanism in aluminium
Wear mechanism

Adhesion, [63]
Built-up
edge

TiAlN-coated carbide

Al2024,
𝒏𝒏 = 1500, 5000
𝒇𝒇 = 0.04
𝛉𝛉 = 130°

Al2024
𝐃𝐃 = 6
𝛉𝛉 = 130°
𝚿𝚿 = 30°
𝑽𝑽𝒄𝒄 = 25, 65 and 165
𝒇𝒇 = 0.04

Adhesion, [80]
built-up
edge,
flank
wear

HSS and Ψ = 30°

Carbide uncoated

HSS cobalt Ψ = 40°

Adhesion, [75]
built-up
edge

Carbide (TiAlN +
WC/C)

Al2024-T6
𝐃𝐃 = 5
𝛉𝛉 = 118°
𝒏𝒏 = 460, 750, 1255
𝒇𝒇 = 0.104, 0.208,
0.348

Adhesion, [121]
built-up
edge

Vibrational drilling
Al2024,
𝐃𝐃 = 4. 6 and 8
𝛉𝛉 = 118°
𝒏𝒏 = 1050, 2020 and
2750
𝒇𝒇= 0.05, 0.1 and 0.15

Ref

Non-vibrational drilling
Adhesion, [122]
built-up
edge

Plain carbide (K20) drill

Symbols: Drill diameter: D (mm), Point angle: Φ, Helix angle: ѱ, Spindle speed: 𝑛𝑛 (rev/min), Feed: 𝑓𝑓 (mm/rev)
Cutting speed: 𝑉𝑉𝑐𝑐 (m/min), Feed speed: 𝑉𝑉𝑓𝑓 (mm/min)
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Krishnaraj et al. [123] reported that adhesions, BUE, and diffusion on the tool are the most common
problems in the drilling aluminium alloys. Therefore, the dominant wear mechanism in aluminium
alloys requires better understanding to reduce tool wear which helps in increasing productivity. The
significant factors affecting tool wear include drilling parameters. According to Giasin et al. [63],
adhesion and BUE on the cutting edges of drills were observed due to high cutting speed and feed rate.
This is because the high friction between the tool and chip from the workpiece caused the chips to weld
on several regions of the cutting tool. Davoudinejad et al. [80] also observed abrasive and adhesion wear
of the tools at high cutting speeds. Furthermore, during the dry drilling of Al2024, adhesion and BUE
were also examined at high cutting speed by Nouari et al. [75]. The high cutting speed increased the
temperature that activated the diffusion process by the transfer of aluminium from the workpiece to the
tool. In addition, the coated carbide (TiAlN + WC/C) drills were recommended for dry drilling of
Al2024 at high speeds unless the cost of the tool is not important. The adhesion and BUE in the drilling
of Al2024 were also observed by Amini et al. [121] due to the long and continuous chips. They
recommended a vibration drilling process for reducing the adherence of chips. In another study by
Zitoune et al. [122], the high cutting speed was recommended for less BUE. Other reasons include the
lower point angle which had an undesirable impact on the drill wearing [124]. Furthermore, the high
drill diameter generates larger chips due to the large cross-sectional area of the chip where more chances
of tool wear occur [122]. Figure 2.11 shows the tool wear impacts.

Dimensional
accuracy

Cutting
force

Vibration

Tool wear
impacts

Tool
temperature

Surface
roughness

Machining
cost

Figure 2.11: Tool wear impacts [125]
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2.3 Conclusions
The major problem with the drilling aluminium occurs in alloys containing high Si contents normally
above 7.5 wt. % and hard particles such as SiCp or Al2O3, include the flank wear, crater wear and
abrasion wear which affect the tool life and hole quality. Alloys from 2000 and 7000 series are mainly
used in the aircraft structures. Al2024-T3 is mostly used in the fuselage skin and lower wings of the
aircraft where the fracture toughness i.e., resistance to crack growth is an important design parameter,
while Al7075-T6 is a better choice for the upper wing skins, where the strength is the primary design
factor. The major problem with these alloys is the adhesion, built-up edge and sometimes diffusion may
occur, which is usually a consequence of their soft matrices. These problems along with the control of
chips formation could be better solved with the used of carbide drills instead of HSS drills. The coatings
do not contribute well in the drilling of aluminium; however, they are the better choice at high cutting
speeds which increases productivity. The correct choice is the diamond-coated tool, but they are
expensive. Regarding drilling parameters, high cutting speed and low feed rate are required to generate
low thrust force and produce low torque. Furthermore, most of the studies for better hole quality
including low surface roughness, fewer burrs and less deviation from a nominal size or minimum
circularity error recommended a low cutting speed, a low feed rate, a higher point angle in the range of
130° to 140°, a helix angle of 30° and a low drill diameter with the common range usually between 5 –
10 mm in aerospace alloys for creating rivets and holes. However, the effect of cutting speed and feed
rate was found more on these output parameters following the point angle and drill size.
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CHAPTER 3: FEASIBILITY OF TOOL CONFIGURATION AND THE
EFFECT OF TOOL MATERIAL, AND TOOL GEOMETRY IN MULTIHOLE SIMULTANEOUS DRILLING OF AL2024
This chapter has been published as an original research paper in the ‘The International Journal of
Advanced Manufacturing Technology’, an official journal of Springer, as listed in Section 1.4. The
details presented here are the same, except some changes in the layout to maintain a consistency in the
presentation throughout the thesis.

3.1 Introduction
Drilling is the most important machining operation for producing holes in the production of a part [7].
The drilling process is used in many applications such as the aerospace, aircraft, and automotive
industries [77]. In automotive industries, 40% of the total material removal process is carried out using
the drilling process [63]. Furthermore, it is estimated that in a medium-sized plane, 85,000 rivets are
required for joining various parts of the aircraft to shape its final structure [46]. In addition, around 2000
holes are needed in the flap skins of the aircraft to attach them to the frame [63]. The problem in the
drilling process arises due to high cutting forces, high surface roughness (𝑅𝑅𝑎𝑎 ), the formation of burrs,
generation of long and thick chips, as well as deviation from hole size and circularity error [63]. In

addition, the built-up edge (BUE) and the tool wear are other issues in most of the drilling processes
where the selection of appropriate tools are required that add additional cost to the manufacturing

industries [126]. Therefore, to obtain high dimensional accuracy and long tool life, drilling performance
depends on many factors such as the drill and work-piece materials, the drill geometry, the cutting speed
(𝑉𝑉𝑐𝑐 ) and the feed rate (𝑓𝑓), presence or absence of coolants, and the type of drilling machine [127,128].

Various drills are available in the industry depending on the application where the most common is the
high-speed steel (HSS) and carbide tools [129]. Regarding the drill types, the twist drill remains the
most economical choice for hole making where the point angle, helix angle and drill size are important
[71]. In this regard, many researchers have studied the influence of drill type, drill geometry and drill

materials under a variety of drilling parameters and conditions, some details of past studies are
summarized in Table 3.1.

30

Table 3-1: Studies on tool material and tool geometry using one-shot drilling process
Material
Al2024

Al7075

Al2024, Al7075, Al7050

Al-6061, Al-6351, Al7075

Al6061

Al7075

Al7075

Al6061

Drilling parameters/Tools
HSS (coated and uncoated)
𝑉𝑉𝑐𝑐 = 30, 45 and 60
𝑓𝑓 = 0.15, 0.20 and 0.25
θ = 118°, and 130°
D = 10
HSS drills
𝑉𝑉𝑐𝑐 = 4, 12, and 20
𝑓𝑓 = 0.1, 0.2, and 0.3
θ = 90°, 118°, and 135°
D=5
HSS
𝑉𝑉𝑐𝑐 = 20, 30 and 40
𝑓𝑓 = 0.05, 0.1, and 0.15
D = 8, 10, and 12
HSS
𝑛𝑛 = 90, 200, 250, and 400
𝑓𝑓 = 0.15, 0.2, 0.3, and 0.36
D = 10
θ = 90°, 118°
HSS
n = 600, 800, and 1000
𝑉𝑉𝑓𝑓 = 0.3, 0.5, and 0.6
D = 8, 10, and 12
θ = 100°, 110°, and 118°
Ψ = 4°, 6°, and 8°
Tungsten carbide
𝑉𝑉𝑐𝑐 = 40, 80 and 120
𝑓𝑓 = 0.05, 0.1, and 0.15
θ = 120°,130°, and 140°
D=5
Tungsten carbide
𝑉𝑉𝑐𝑐 = 40, 80 and 120
𝑓𝑓 = 0.05, 0.1, and 0.15
θ = 120°,130°, and 140°
D=5
𝑛𝑛 = 2500, 3750, and 5000
𝑓𝑓 = 0.08, 0.1, and 0.12
D = 8, 10, and 12

Objective
R a , Z, Y

Reference

B, R a

[78]

B, R a

[79]

F, Z

[81]

F

[130]

Ra

[83]

F

[82]

Ra

[131]

[76]

Cutting forces: F (N), Cutting speed: 𝑉𝑉𝑐𝑐 (m/min), Feed rate: 𝑓𝑓 (mm/rev), Feed speed: 𝑉𝑉𝑓𝑓 (mm/min) Diameter: D
(mm), Surface roughness: R a (µm), Circularity error: Y, Hole size: Z (mm), Burrs: B, Spindle speed: n (rpm),
Point angle: θ (º), Clearance angle: Ψ (º),

For instance, Kurt et al. [76] concluded that higher 𝑉𝑉𝑐𝑐 and 𝑓𝑓 led to higher values of 𝑅𝑅𝑎𝑎 and roundness

due to an increase in drilling temperatures, vibrations and chatter. Apart from hole size, the effect of the
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drill point angle was found insignificant on 𝑅𝑅𝑎𝑎 or hole roundness. Kilickap [78] has concluded that low

burr height and low 𝑅𝑅𝑎𝑎 were obtained at low 𝑉𝑉𝑐𝑐 and 𝑓𝑓, and a high point angle. The burr height was more
affected by the point angle followed by the 𝑓𝑓, and 𝑉𝑉𝑐𝑐 whereas the 𝑅𝑅𝑎𝑎 was more influenced by the 𝑉𝑉𝑐𝑐

followed by the point angle and less affected by the 𝑓𝑓. Köklü [79] has concluded that a combination of

low 𝑉𝑉𝑐𝑐 , 𝑓𝑓 and small drill diameter minimized the burr height and lowered the 𝑅𝑅𝑎𝑎 . In case of the burr

height, the 𝑓𝑓 was a significant factor to its increase while the 𝑉𝑉𝑐𝑐 had a major contribution in increasing
the 𝑅𝑅𝑎𝑎 . It was also investigated that the drill diameter showed a lower impact on hole quality; however,

the best results were examined at the lowest drill diameter. In another study by Reddy et al. [81], it was

concluded that low spindle speed, low 𝑓𝑓 and a low point angle contributed to a less diametral error and

lower values of 𝑅𝑅𝑎𝑎 . The thrust force was more affected by the spindle speed while the impact of point

angle on thrust force and hole quality was found insignificant. However, the authors did not give any
reason on the significance of either the drilling parameters or tool geometry on the thrust force and hole
quality. Furthermore, in a study by Sreenivasulu and Rao [130], different drilling parameters and tool
geometry were considered to perform one-shot drilling experiments on Al6061. The authors reported

that the thrust force was more affected by the 𝑉𝑉𝑐𝑐 . Other significant factors include the point angle,
followed by the 𝑓𝑓 and drill diameter. Besides, the clearance angle was found insignificant on the thrust

force. Furthermore, the torque was affected in a sequence of point angle, 𝑉𝑉𝑐𝑐 , clearance angle, drill

diameter and 𝑓𝑓. However, the authors did not discuss their results to show the significant impact of

process parameters on thrust force and torque. Yaşar et al. [83] found that the 𝑅𝑅𝑎𝑎 was more affected by

the 𝑉𝑉𝑐𝑐 followed by 𝑓𝑓 while the point angle showed less impact on the 𝑅𝑅𝑎𝑎 . It was also discussed that high

𝑉𝑉𝑐𝑐 and 𝑓𝑓 were responsible for higher 𝑅𝑅𝑎𝑎 . However, the best values of lower 𝑅𝑅𝑎𝑎 were obtained at a point

angle of 130º. Gunay et al. [82] used the same drilling parameters in one-shot drilling of Al7075;

however, their investigation was on the thrust force. It was reported that the highest contribution to
thrust force was due to the 𝑓𝑓 with minimal impact of point angle and 𝑉𝑉𝑐𝑐 . Son and Nguyen [131]

concluded that during one-shot drilling process of Al6061, the 𝑅𝑅𝑎𝑎 was more affected by the spindle

speed followed by the drill diameter while the 𝑓𝑓 was found less influential on the 𝑅𝑅𝑎𝑎 . However, the

study did not show any reason for how the different drilling parameters affected the 𝑅𝑅𝑎𝑎 of holes drilled

in Al6061.

The above studies indicated that drilling parameters, tool materials and tool geometry have a direct
impact on the cutting forces and hole quality metrics such as 𝑅𝑅𝑎𝑎 , burr formation, circularity and hole

size. Therefore, to obtain good quality holes, a suitable combination of drilling parameters along with
appropriate drill material and drill geometry is required. Previous studies also showed that most of the
work was based on one-shot drilling process, while none of the studies focused on multi-hole drilling
which is one of the needs for manufacturing industries for increasing productivity without a compromise
on hole quality.
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A multi-spindle head or poly-drill head carry multiple tools and can perform simultaneous machining
operations such as drilling, countersinking, reaming, or tapping two or more holes in one operation
[1,3,4]. In our previous study [97], multi-spindle drilling process was compared with one-shot single

drilling. The drill selected was HSS with a point angle of 118º and a diameter of 6 mm. The testing
material was Al5083. It was concluded that lower values of 𝑅𝑅𝑎𝑎 , and small burrs were obtained in multi-

spindle drilling. In addition, low BUE on tools was observed due to the formation of short and wellbroken chips. Most importantly, the cycle time was reduced in multi-spindle drilling which has a direct

impact on higher productivity. In another study [11], the Taguchi method and fuzzy logic approach were
used for the optimization and prediction of drilling parameters in multi-hole drilling process. It was also
found that the low 𝑉𝑉𝑐𝑐 and 𝑓𝑓 should be used as optimized drilling parameters for better hole quality.

However, more research is needed to find appropriate drill material, drill type and geometry to further
improve the drilling process in multi-spindle simultaneous drilling process.

Therefore, in this study, a comparison between the two drill materials, which include HSS and carbide,
were made in terms of a point angle, drill size and tool configuration. The tool type selected was a twist
drill with different drill geometry. The point angle and drill size of the HSS drills were 118º and 6 mm,
while that of carbide drills were, 6- and 10-mm size with a point angle of 140º. The HSS and carbide
drills of diameter 6 mm were compared with different point angles of 118º and 140º. The carbide drills
with a point angle of 140º were compared with a diameter of 6 mm and 10 mm. In addition, the
performance of the multi-spindle drilling was checked by the adjustment of different tool arrangements
based on maximum and minimum possible center-to-center distances using carbide drills of diameter 6
mm and a point angle of 140º. The study aims to perform multi-hole drilling tests, a drilling technology
which is rarely discussed in previous literature. To fill this gap in the literature, the performance of
multi-hole drilling process was assessed with different tool materials, tool geometry and tool
configuration. The study would be useful for manufacturers who are interested in increasing their
productivity. Finally, Analysis of variance (ANOVA) was used to evaluate the percentage contribution
of drilling input parameters on the output parameters.

3.2 Materials and methods
3.2.1 Workpiece material
The workpiece material used in this work was aluminium Al2024 with a thickness of 10 mm and a size
of 150 x 200 mm2. Al2024 is mainly used in the fuselage and wings of the aircraft due to its excellent
fatigue and high tensile strength [132]. Furthermore, in one of our studies [107], Al2024 was suggested
for better hole quality, the formation of short chips, and less built-up edges due to its good machinability
in multi-hole simultaneous drilling process. Some of the details of Al2024 are given in Table 3.2 [133].
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Table 3-2: Composition and properties of Al2024 [133]
Composition in wt% Al2024
Element

Cu

Mg

Si

Fe

Mn

Z

Ti

Cr

Al

wt%

3.8-4.9

1.2-1.8

0.5

0.5

0.3-0.9

0.25

0.15

0.1

Balance

Properties of Al2024
Ultimate tensile strength (MPa) 483

Machinability

70%

Modulus of elasticity (GPa)

73.1

Thermal conductivity (W/m-K)

121

Hardness, Brinell

120

Hardness, Vickers

137

3.2.2 Cutting tools
The tools used in this study were HSS and carbide twist drills. The description of cutting tools is given
in Table 3.3. The twist drill was selected because it represents an industrial standard [72]. The diameters
of 6 mm and 10 mm were selected based on previous studies and come in the common range of tool
size used in aerospace alloys [63]. HSS drill with a point angle of 118º was selected as they are the most
commonly used [76] where the reason for the use of carbide tool is the combination of its high hardness
and toughness [50]. Besides, a carbide drill with a high point angle and high helix angle is recommended
dry drilling of Al2024 for better hole quality [68,75].
Table 3-3: Cutting tools
Description of the drill bits
Type
Material
Point angle
Drill diameter (mm)
Helix angle
Number of flutes

Twist drill
HSS
118°
6
30°
2

Twist drill
Carbide
140°
6
30°
2

Twist drill
Carbide
140°
10
30°
2

3.2.3 Machine setup and cutting parameters
The drilling experiments were performed on vertical milling machining using a multi-spindle head. The
details of the manual milling machine are given in Table 3.4. The manual milling machine has a
maximum spindle speed of the 3450 rpm and three constant feeds. Therefore, the spindle speeds selected
in this study were 1007, 2015, and 3025 rpm. The spindle speed on the manual milling machine was
measured using a tachometer while the feed was adjusted each time from low, medium and high
corresponds to 0.04, 0.08, and 0.14 mm/rev, respectively. The combination of these drilling parameters
was considered based on the available spindle speed and feed of the vertical milling machine. Also,
according to machinery’s handbook [114], for twist drill with a diameter in the range of (3.175 – 6.35
mm), the recommended feed rate should be (0.05–0.15 mm/rev), where the higher values in the feed
ranges should be used for soft materials like aluminium and brass.
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Table 3-4: Specifications of manual milling machine
Manual milling machine
Model
Worktable
Table size
Travel (X, Y, Z)
Spindle
Span of spindle to worktable
Span of spindle: Centerline to column
Spindle head swivel
Quill travel (mm/rev)
Feed speed (mm/rev)
Spindle speed (rpm)
Spindle motor
Length x Width x Height
Area
Net Weight (Kgs)
Maximum load of worktable (Kgs)
Maximum cutting capacity

Diameter of face mill
Diameter of drill

5KS, 5KV
1270 x 254
780, 410, 490;450 (auto)
85~575
50~640
45°
127
0.04/0.08/0.14
65~3450
3HP
1740x1740x2370
1520x2310x2370
1600
300
101.6
19

3.2.4 Multi-spindle drill head and tool configuration
The multi-spindle drill head used in this study was an adjustable SUHNER type MH 30/13 which has
three flexible spindles that can give three holes at the same cutting conditions when a single hole is
produced during one-shot drilling process. Therefore, a multi-spindle drill head can be used for the
condition of higher productivity at a high rate [134]. The tools in the multi-spindle head can be adjusted
in any position in a range of 39 -141 mm [135]; however, the maximum and minimum possible distances
selected in this study were based on the area of the dynamometer. Therefore, the selected minimum and
maximum center-to-center tool distances (CTCD) were 39 mm and 75 mm, respectively given in Figure
3.1. To complete our experiments using all drill types and configuration of tool arrangement, a total of
108 holes were drilled using a multi-spindle head without the use of coolant.
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Figure 3.1: Tool arrangements in multi-spindle head

3.2.5 Measurement of thrust force
In this work, a 3-component piezoelectric Kistler type 9257BA force dynamometer was used for the
measurement of thrust force. Although, there are other methods available in the literature for the
measurement of cutting forces [136]; however, KISTLER dynamometer is widely used in industries due
to its compact design, simple operation and robustness. The dynamometer is rustproof and safe against
the cooling agent or splash water. In addition, the top plate of the dynamometer is integrated with
thermal isolation; therefore, it is highly insensitive to temperature effects. The dynamometer has four
3-component sensors, each with three pairs of quartz plates that convert the forces into electric charges
[137]. The charge amplifier then transforms the electric charges into the voltage signals through a high

insulated cable. Finally, Kistler’s DynoWare software is used for data processing [138]. In this study,
type 5233A1 control unit and 5697A2 Kistler data acquisition system were used.
The dynamometer was firmly mounted on the machine bed and a support plate was placed on the top
of the dynamometer to protect the dynamometer during the drilling process. The details of the support
plate are given in Figure 3.2.
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Figure 3.2: Support plate

3.2.6 Post machining experiments
The surface roughness of holes was measured using the surface roughness tester type TR200. The values
were taken at a location of 0°, 90°, 180°, and 270° of hole edges and the average reading was considered,
similar to our previous studies [97]. Besides, hole quality in terms of burrs was observed using a digital
microscope. The microscope was connected to a computer via a USB. The microscope was adjusted at
the top of each hole and images were captured at the entrance and the exit of the hole using Mic-Fi
software. Furthermore, the post-machining tool conditions were examined using optical microscope
type LEICA M80. All the details are described in Figure 3.3. Lastly, the size and length of the chips
were visually analyzed.
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Figure 3.3: Experimental set-up
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3.2.7 Design of experiments and Analysis of variance
The design of experiment is used to study the behaviour of two or more factors and identifies the most
significant levels [139]. In this study, the number of factors includes spindle speed, feed and tool
arrangement, drill diameter, or point angle for each experiment. For spindle speed and feed three
numbers of levels were considered whereas two levels were used for tool arrangement, drill diameter,
or point angle as per the requirement in this study. The experimental design is given in Table 3.5.
Table 3-5: Experimental design
Trial
No

Spindle
speed

Feed

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

1007
1007
1007
1007
1007
1007
2015
2015
2015
2015
2015
2015
3025
3025
3025
3025
3025
3025

0.04
0.04
0.08
0.08
0.14
0.14
0.04
0.04
0.08
0.08
0.14
0.14
0.04
0.04
0.08
0.08
0.14
0.14

Tool arrangement
Carbide drill
(𝐃𝐃 = 6 mm,
𝛉𝛉 = 140º)
Max CTCT
Mini CTCT
Max CTCT
Mini CTCT
Max CTCT
Mini CTCT
Max CTCT
Mini CTCT
Max CTCT
Mini CTCT
Max CTCT
Mini CTCT
Max CTCT
Mini CTCT
Max CTCT
Mini CTCT
Max CTCT
Mini CTCT

Drill diameter
Carbide drill
(𝐃𝐃 = 6 mm, 10 mm)
𝛉𝛉 = 140º
6
10
6
10
6
10
6
10
6
10
6
10
6
10
6
10
6
10

Point angle
HSS drill (𝛉𝛉 = 118º) and
Carbide drill (𝛉𝛉 = 140º)
𝐃𝐃 = 6 mm
118º
140º
118º
140º
118º
140º
118º
140º
118º
140º
118º
140º
118º
140º
118º
140º
118º
140º

Finally, an analysis of variance (ANOVA) was used to find how much impact each input parameter has
on the drilling output parameters. ANOVA is a useful statistical method for determining the impact of
input parameters from experimental results in any machining process using an appropriate design of
experiments [140]. ANOVA is a decision-making tool used to detect the significance of process
parameters and their interaction on the response [141]. In this work, the considered process parameters
were tool arrangement, drill diameter, and point angle whereas the responses were thrust force and
surface roughness. ANOVA was run with a confidence interval of 95%, which is usually used by many
past researchers. A confidence interval is a statistical term which is used to give a range around
measurement and shows how precise or accurate the estimated statistics are measured [139]. A 95%
confidence interval means that there is only a 5% chance of being the wrong estimation; therefore, the
influence of each process parameter or other interactions on the responses is considered insignificant if
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their P-values were estimated at more than 0.05. Therefore, P-values can confirm the effect of process
parameters on responses [71]. Additionally, the percentage contribution gave the details of how much
each process parameters are influential on the responses [142].

3.3 Results and discussion
3.3.1 Thrust force
The average thrust force generated during multi-spindle simultaneous drilling for the selected drills is
illustrated in Figure 3.4. Results showed that as the feed increased the thrust force increases, irrespective
of the drill types and tool arrangements. The spindle speed did not show any significant impact on the
thrust force; however, as the spindle speed increased only a slight decrease or at high feeds, a slight
increase was observed. The slight decreased in the thrust force due to an increase in spindle speed was
due to an increase in the cutting temperature which affected the strength of the workpiece in the plastic
deformation region and thus, cutting forces decreased [143]. According to Zhang et al. [55], during the
drilling process, most of the heat in the plastic deformation zone and the surrounding regions at the
interfaces between the tool, workpiece and chip caused the high temperature. The temperature is then
partitioned between the tool and workpiece based on the thermal properties of their materials. However,
the thermal conductivity of aluminium is high compared to other metals which limit the cutting
temperature [18]. Therefore, the effect of the spindle speed on the thrust force was found to be
insignificant. Moreover, Nouari et al. [68] observed that in terms of cutting speeds, a large increase in
cutting temperature was predicted for cutting velocities superior to 170 m/min which is much higher
than the cutting velocities used in the current study. Besides, the minor increase in the thrust force due
to the increase in spindle speed was attributed to the increase in the number of holes which might have
caused some tool wear. Thus, the tool experienced high tool-work friction which resulted in high energy
consumption hence, the generation of higher thrust force [144]. Furthermore, the direct relation of the
feed with thrust force was due to the increased thickness of the chips [58,59] which not only increases
the thrust force but also deteriorates the hole quality by increasing the surface roughness [60].
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Average trhust force (N)

1600

Uncoated carbide 6 mm: Max CTCT

Uncoated carbide 6 mm: Mini CTCT

Uncoated carbide 10 mm: Mini CTCT

Uncoated HSS 6 mm: Mini CTCT

1200

800
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0

0.04

0.08

0.14

0.04

0.08

0.14

0.04

0.08

0.14

Feed (mm/rev)

Feed (mm/rev)

Feed (mm/rev)

1007

2015

3025

Spindle speed (rpm)

Spindle speed (rpm)

Spindle speed (rpm)

Figure 3.4: Average thrust force
Figure 3.4 also illustrates that the thrust force generated during the different tool arrangement of the
multi-spindle head did not show any significant difference which reflects that all spindles of the multispindle head gave similar results at any adjusted position. Therefore, the multi-spindle head could be
used for high productivity in any possible position. Moreover, the carbide drills with a size of 6 mm
and a point angle of 140º showed the lowest thrust force in most of the drilling parameters as compared
to the 6 mm HSS drill with a point angle of 118º. This is in accordance with Gunay et al. [82], wherein
one-shot single drilling process, the smallest thrust force was obtained at the high point angle of 140°.
Therefore, from experimental observations in this study along with the results from the previous study
by Nouari et al. [75], the carbide drill was recommended as the best choice for dry drilling of Al2024.
Regarding the drill size, a comparison between 6 mm and 10 mm carbide drills with the same point
angle of 140º have been made where the 6 mm carbide drill generated less thrust force than that
measured from the 10 mm carbide drill. The generation of high thrust force of 10 mm drill was attributed
to the increase in chip thickness because of covering the large cutting area. This finding is similar to the
work of Köklü [79] where drills with the lowest size performed better in the drilling of aluminium alloys.
Furthermore, the ANOVA result from Table 3.6 shows that the feed has the highest impact on thrust
force as compared to the spindle speed, irrespective of the drill point angle and drill diameter. In
addition, the drill diameter was found more influential on thrust force than the point angle. It should be
noted that the tool arrangement did not have any effect on thrust force. The insignificant values could
be found in Table 3.6 with p-values of more than 0.05 because the confidence interval selected in this
study was 95 % [142].
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Table 3-6: Analysis of variance for thrust force
Carbide drill (𝐃𝐃 = 6 mm, 𝛉𝛉 = 140º) Tool arrangement

Source
DF Seq SS Contribution
Model
13
702145 99.83%
Linear
5
694815 98.78%
2
304
0.04%
𝑛𝑛
2
694508 98.74%
𝑓𝑓
1
3
0.00%
TA
2-Way Interactions
8
7330
1.04%
4
6119
0.87%
𝑛𝑛 x 𝑓𝑓
2
283
0.04%
𝑛𝑛 x TA
2
929
0.13%
𝑓𝑓 x TA
Error
4
1217
0.17%
Total
17
703362 100.00%
Carbide drill (𝐃𝐃 = 6 mm and 𝐃𝐃 = 10 mm, 𝛉𝛉 = 140º)

Adj SS
702145
694815
304
694508
3
7330
6119
283
929
1217
-

Model
Linear
𝑛𝑛
𝑓𝑓
θ
2-Way Interactions
𝑛𝑛 x 𝑓𝑓
𝑛𝑛 x θ
𝑓𝑓 x θ
Error
Total

1295836
1241994
819
1192201
48975
53842
770
43
53029
4570
-

Adj MS
54011
138963
152
347254
3
916
1530
141
464
304
-

Model
13
1482884 99.08%
1482884 114068
Linear
5
1434768 95.86%
1434768 286954
2
2018
0.13%
2018
1009
𝑛𝑛
2
1090673 72.87%
1090673 545336
𝑓𝑓
1
342078 22.86%
342078 342078
D
2-Way Interactions
8
48116 3.21%
48116 6015
4
7000
0.47%
7000
1750
𝑛𝑛 x 𝑓𝑓
2
6001
0.40%
6001
3000
𝑛𝑛 x D
2
35115 2.35%
35115 17558
𝑓𝑓 x D
Error
4
13842 0.92%
13842 3461
Total
17
1496727 100.00%
HSS drill (𝐃𝐃 = 6 mm, 𝛉𝛉 = 118º) and Carbide drill (𝐃𝐃 = 6 mm, 𝛉𝛉 = 140º)
13
5
2
2
1
8
4
2
2
4
17

1295836
1241994
819
1192201
48975
53842
770
43
53029
4570
1300406

99.65%
95.51%
0.06%
91.68%
3.77%
4.14%
0.06%
0.00%
4.08%
0.35%
100.00%

99680
248399
409
596100
48975
6730
193
21
26515
1142
-

F-Value
177.56
456.83
0.50
1141.57
0.01
3.01
5.03
0.46
1.53
-

P-Value
0.000
0.000
0.640
0.000
0.926
0.151
0.073
0.659
0.322
-

32.96
82.92
0.29
157.58
98.85
1.74
0.51
0.87
5.07
-

0.002
0.000
0.762
0.000
0.001
0.311
0.737
0.487
0.080
-

87.25
217.43
0.36
521.77
42.87
5.89
0.17
0.02
23.21
-

0.000
0.000
0.719
0.000
0.003
0.052
0.944
0.981
0.006
-

Spindle speed: 𝑛𝑛 (rpm), Feed: 𝑓𝑓 (mm/rev), Diameter: D (mm), Point angle: θ (º), Tool arrangement (TA)

3.3.2 Evaluation of the hole quality
3.3.2.1 Surface roughness

The surface roughness of holes with different tool configuration, tool materials and tool geometry is
shown in Figure 3.5. In general, the experimental results under different drilling parameters showed
that the surface roughness of holes drilled in Al2024 increased with the increase in spindle speed and
feed, regardless of the drill types and tool arrangements. The lowest surface roughness during
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simultaneous drilling of Al2024 was obtained at the low spindle speed and feed in all drills and tool
arrangements. The reason for high surface roughness at the high spindle speed and feed was expected
due to: the rise in temperature at a high spindle speed which might have increased deformation of the
workpiece [63], the increase in vibration faced by the tool [76], increase in material removal rate at high
feed [145] and increase in the thickness of the chips by the feed [36].

Average surface roughness (µm)

5
4

Uncoated carbide 6 mm: Max CTCT

Uncoated carbide 6 mm: Mini CTCT

Carbide 10 mm: Mini CTCT

HSS 6 mm: Mini CTCT

3
2
1
0
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0.08

0.14

0.04

0.08

0.14

0.04

0.08

0.14

Feed (mm/rev)

Feed (mm/rev)

Feed (mm/rev)
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2015
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Spindle speed (rpm)

Figure 3.5: Surface roughness
Figure 3.5 also illustrates that holes machined using carbide drills gave better surface roughness than
holes produced using HSS drills. This result is in agreement with Nouari et al. [75] where it was
concluded that during dry drilling of Al2024, the carbide drill showed lower values of surface roughness
compared to HSS. It is expected that the moderate strength of the HSS drill might have made the tool
unsuitable to machining [73]. Besides, the high point angle i.e. 140º of carbide drill compares to the
118º point angle of HSS might have contributed to giving low surface roughness of holes. This is
because the increased point angle caused the reduction in chip sizes, especially the undeformed chip
thickness which resulted in low surface roughness [124]. However, to compare both the carbide drill
with the same point angle of 140º but with different drill sizes, it was examined that the carbide drill
with the lower size showed the low roughness. This finding is in agreement with Köklü [79] who also
recommended small diameter drills for lower surface roughness. Shetty et al. [146], also found that the
increase in the contact area due to large drill size increased the cutting forces hence, the surface
roughness increased. Hence, the above analysis concluded that during multi-hole simultaneous drilling
of Al2024, carbide drills with a size of 6 mm and a point angle of 140º gave lower surface roughness.
Therefore, the 6 mm carbide drills were also used for different tool arrangements where no significant
difference in the surface roughness was found. This should be confirmed from ANOVA in Table 3.7
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which indicated that the percentage contribution of spindle speed on the surface roughness was the
highest followed by the feed, point angle, or diameter with insignificant effect of tool arrangements.
Table 3-7: Analysis of variance for surface roughness
Carbide drill (𝐃𝐃 = 6 mm, 𝛉𝛉 = 140º) Tool arrangement

Source
DF Seq SS Contribution
Model
13 6.13156 99.88%
Linear
5 6.06116 98.74%
2 4.43396 72.23%
𝑛𝑛
2 1.61785 26.35%
𝑓𝑓
1 0.00936 0.15%
TA
2-Way Interactions
8 0.07040 1.15%
4 0.06651 1.08%
𝑛𝑛 x f
2 0.00262 0.04%
𝑛𝑛 x TA
2 0.00127 0.02%
𝑓𝑓 x TA
Error
4 0.00720 0.12%
Total
17 6.13877 100.00%
Carbide drill (𝐃𝐃 = 6 mm and 𝐃𝐃 = 10 mm, 𝛉𝛉 = 140º)

Adj SS
6.13156
6.06116
4.43396
1.61785
0.00936
0.07040
0.06651
0.00262
0.00127
0.00720
-

Adj MS
0.47166
1.21223
2.21698
0.80892
0.00936
0.00880
0.01663
0.00131
0.00063
0.00180
-

F-Value
262.01
673.40
1231.54
449.36
5.20
4.89
9.24
0.73
0.35
-

P-Value
0.000
0.000
0.000
0.000
0.085
0.071
0.027
0.538
0.723
-

Model
13 8.74301 99.11%
8.74301
Linear
5 8.35587 94.72%
8.35587
2 6.67145 75.62%
6.67145
𝑛𝑛
2 1.29909 14.73%
1.29909
𝑓𝑓
1 0.38533 4.37%
0.38533
D
2-Way Interactions
8 0.38714 4.39%
0.38714
4 0.13782 1.56%
0.13782
𝑛𝑛 x 𝑓𝑓
2 0.23678 2.68%
0.23678
𝑛𝑛 x D
2 0.01254 0.14%
0.01254
𝑓𝑓 x D
Error
4 0.07895 0.89%
0.07895
Total
17 8.82196 100.00%
HSS drill (𝐃𝐃 = 6 mm, 𝛉𝛉 = 118º) and Carbide drill (𝐃𝐃 = 6 mm, 𝛉𝛉 = 140º)

0.67254
1.67117
3.33572
0.64955
0.38533
0.04839
0.03445
0.11839
0.00627
0.01974
-

34.08
84.67
169.01
32.91
19.52
2.45
1.75
6.00
0.32
-

0.002
0.000
0.000
0.003
0.012
0.201
0.301
0.063
0.745
-

Model
Linear
𝑛𝑛
𝑓𝑓
θ
2-Way Interactions
𝑛𝑛 x 𝑓𝑓
𝑛𝑛 x θ
𝑓𝑓 x θ
Error
Total

8.21652
8.02852
5.03060
1.22370
1.77422
0.18800
0.06716
0.10121
0.01963
0.05370
-

0.63204
1.60570
2.51530
0.61185
1.77422
0.02350
0.01679
0.05060
0.00982
0.01343
-

47.08
119.60
187.35
45.57
132.15
1.75
1.25
3.77
0.73
-

0.001
0.000
0.000
0.002
0.000
0.309
0.417
0.120
0.536
-

13
5
2
2
1
8
4
2
2
4
17

8.21652
8.02852
5.03060
1.22370
1.77422
0.18800
0.06716
0.10121
0.01963
0.05370
8.27022

99.35%
97.08%
60.83%
14.80%
21.45%
2.27%
0.81%
1.22%
0.24%
0.65%
100.00%

Spindle speed: 𝑛𝑛 (rpm), Feed: 𝑓𝑓 (mm/rev), Diameter: D (mm), Point angle: θ (º), Tool arrangement (TA)

3.3.2.2 Analyses of hole quality

In the drilling process, the formation of burrs depends on many factors such as the drill geometry,
properties of workpiece materials, and drilling parameters [99]. Burrs can cause problems related to
dimensional accuracies and require de-burring which accounts for more than 30% of the total cost of
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the piece produced [99]. Also, de-burring is performed manually [18] and takes 40% of the total
machining time thus, affects productivity [94].
The types of burrs include uniform, transient and crown burrs as shown in Figure 3.6. Crown burrs are
considered as the worst among all due to its irregular shape and need more attention [57,99,147].

Figure 3.6: burrs (a) uniform, (b) transient, and (c) crown [99,147]
In the current study, small burrs were formed during the multi-spindle drilling process of Al2024;
therefore, burrs at the entry and exit sides of holes were analyzed using a digital microscope given in
Figures 3.7 – 3.10. The microscopic and visual inspection of holes for all drills and tool arrangements
revealed that more burrs were observed at the exit than at the entry side of the holes. The low
temperature and thrust force on the entry side of the hole can contribute to the smaller burrs [88].
Overall, burrs increased with the increase in both the spindle speed and feed; however, the feed was
found more influential than the spindle speed. According to Uddin et al. [102], low feed rate resulted in
the slow insertion of drills which gave a stable and jerk-free performance where the cutting edges
removed the material with small chip thickness and hole quality was less affected. Furthermore, at a
high feed rate, high thrust force was generated and according to Costa et al. [99], any factor that increases
the cutting force will result in higher burr size.
It is also depicted from Figures 3.7 – 3.10 that in comparison to HSS drill, the carbide drill with a
diameter of 6 mm and a point angle of 140º showed small burrs followed by the 10 mm carbide drill,
irrespective of the drilling parameters and tool arrangements. This is because the carbide drills with
higher point angles of 140º assured the maximum lip movement in the earliest possible time to avoid
work hardening, and resulted in thinner burrs due to chance in chip flow direction [78]. Also, the
difference of drill diameter was found less significant which means that drill diameter has less
contribution in burrs formation. No significant difference was found in the formation burrs by different
tool arrangements of the multi-spindle head. Therefore, the carbide drills with small size and a high
point with low drilling parameters are recommended to avoid the formation of more burrs. Other reasons
might include chip characteristics such as its length and thickness which are discussed in the following
section.
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Figure 3.7: Hole images from carbide drill: D = 6 mm, θ = 140º (maximum CTCD)
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Figure 3.8: Hole images from carbide drill: D = 6 mm, θ = 140º (minimum CTCD) [107]
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Figure 3.9: Hole images from carbide drill: D = 10 mm, θ = 140º (minimum CTCD)
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Figure 3.10: Holes images from HSS drills D = 6 mm, θ = 118º (minimum CTCD)

3.3.3 Analyses of chip formation
In the drilling process, as the cut chips by the cutting-edge travel spiral upward in the drill flute.
Therefore, its formation is governed by its complex interaction between the tool and workpiece [111].
Moreover, the chip size such as the length and thickness indicates the smoothness of the drilling process
[148]. Generally, small and fragmented chips are required in the drilling process [55] because continuous

chips are prone to tangle around the drills and need manual removal which interrupts the production. In
addition, the formation of undesirable chips causes BUE and effects the hole quality [149].
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The chips produced during multi-hole simultaneous drilling of Al2024 are given in Figure 3.11 which
depicted that the chips were affected by both spindle speed and feed. The length of chips became shorter
as the spindle speed increase and feed increase whereas, the thickness of the chip had a direct
relationship with the feed and inverse relation with the spindle speed, regardless of the drill type.
However, the impact of feed was found to be more influential on chips. A previous study has indicated
that longer chips were formed at high cutting speed due to the increase in chip ductility at high
temperatures [150]. However, in this study, the length of the chips became thin and short with the rise
in spindle speed. It is expected that the drop in thrust force at high spindle speed would have possibly
produced chips that are thinner and smaller in size due to a reduction in uncut chip thickness. Also, as
discussed earlier, the high thermal conductivity of aluminium than other metals restricts the cutting
temperature [18]; therefore, spindle speed was found to be less influential on the chips than feed.
Furthermore, short and discontinuous chips were produced with high thickness as the feed increases.
The high thrust force due to high feed might be the reason because high feed increased the crosssectional area of the chips which increased the stiffness of the chips thus, made the chips easier to break
[111,151].

The visual inspection showed that the chips formed by 6 mm carbide and HSS were almost similar and
no significant difference was observed. However, in general, by increasing the point angle from 118°,
the drill created small and fragmented chips rather than the long, stringy chips. This was because the
aluminium chips formation at lower point angles produced thicker chips due to the longer cutting lips
during the drilling process [62]. Furthermore, the 10 mm carbide drills showed thicken chips due to its
large cross-sectional area covered by its large size [122]. Therefore, it seems that the drill size had a
major contribution to the size of the chips. Figure 3.12 showed the tangled chips around all drills of the
multi-spindle head at the spindle speed of 3025 rpm and a feed of 0.04 mm/rev, where it also gave high
values of surface roughness at the same drilling parameters as indicated previously.
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Figure 3.11: Chips formation
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Figure 3.12: Chips around 10 mm carbide drills

3.3.4 Post machining tool conditions
Figure 3.13 shows that adhesions followed by the BUE were formed on all drill types during the
simultaneous drilling of Al2024. However, in comparison to the carbide drill, the HSS drills showed a
high formation of BUE. According to Ratnam [74], during the machining process, there are chances of
an increase in temperature at high cutting parameters caused by the increased material removal rate and
friction energy. This rise in temperature softens the material where it undergoes plastic deformation; as
a result, the material melts and accumulates to the tool which causes the formation of adhesion and
BUE. Therefore, it is important to assess the tool wear as it affects productivity [152].
Nouari et al. [68] also observed that increase in temperature was the cause of a reduction in tool life.
They reported that both cutting speed and feed rate were the functions of increasing the temperature. A
high feed rate encourages the growth of contact length between the tool and chip, thus increases the
interface temperature while the high cutting speed increased the plastic deformation, which then
increases the temperature. As discussed earlier, the heat produced is partitioned between the tool and
workpiece that depends on the thermal properties of both materials [55]. Therefore, a likely explanation
for the low BUE on carbide drills might include the high thermal conductivity, low coefficient of
friction, high wear resistance, and higher strength than HSS that restrict the cutting temperature and
subsequent formation of BUE. Also, it is well known that tools made from carbide material can retain
their stability and do not undergo any phase changes during heating and cooling [153]. Zhu and Wang
[154] also recommended that drill with high hardness like carbide tools are more wear-resistant and can

improve the tool life instead of HSS tools. In addition, Nouari et al. [75] also preferred the use of carbide
tools on HSS for dry drilling of Al2024. Other reasons might include the lower point angle of HSS drills
which had an unfavourable effect on the drill wearing because the high point angle can result in a
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smaller cutting edge which caused the reduction in chip sizes and the thrust force [124]. Furthermore,
the generation of high BUE using the 10 mm carbide drills was due to the formation of large chips
whereas easy chip breaking and evacuation were found during a 6 mm carbide drill due to short size as
aforementioned in the chips analysis. It should also be noted that no significant difference was observed

HSS drill:
D= 6 mm, θ = 118º
Minimum CTCD

Carbide drill:
D = 10 mm, θ =140º
Minimum CTCD

Carbide drill:
D= 6 mm, θ =140º
Minimum CTCD

Carbide drill:
D = 6 mm, θ =140º
Maximum CTCD

in the post-machining tool conditions of either of the tool arrangements.

Figure 3.13: Post machining tool conditions

3.4 Conclusions
In this work, a multi-spindle drilling approach was used to investigate the effect of different tool
materials, tool geometry, and tool configuring to increase productivity and improve the quality of holes.
The conclusions drawn in this investigation include:
•

The tools of the multi-spindle head can be adjusted in any arrangements as no considerable
difference in all the results were found in changing the tool configurations. Therefore, multi-
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spindle drilling can be useful in manufacturing industries for increasing productivity at a high
rate and without a compromise on the hole quality.
•

During multi-hole simultaneous drilling, the carbide 10 mm drills with a point angle of 140º
showed the highest thrust force which means that size of the drill can significantly increase the
thrust force. However, as compared to the 6 mm HSS drills with a point angle of 118º, the
carbide drills with a 6 mm diameter and point angle of 140º generated less thrust force. In
addition, the highest influence on thrust force was due to an increase in feed with an
insignificant impact of spindle speed.

•

The surface roughness and burrs increased with the increase in spindle speed and feed,
irrespective of the tool geometry, tool materials and tool arrangements; however, in the case of
surface roughness spindle speed was found more influential while the edges around holes
deteriorate more at a high feed. The low surface roughness was possible when carbide drills
with a point angle of 140º were used. The drill diameter did not show a significant impact on
either of the surface roughness and burrs. The hole quality was affected more by HSS drills
with a low point angle of 118º that gave the highest surface roughness and more burrs.

•

The chip size became short when drilling at high spindle speed and feed while less thickened
chips were produced with low feed and high spindle speed. The point angle did not show any
significant change in the shape chips; however, the drills with high diameter showed long and
thicken chips due to the large cross-sectional area covered by its high size.

•

The adhesion followed by the built-up edge was formed on all drill types; however, more
adhesion of chips was found at HSS drills which might be due to less point angle or less strength
and low wear resistance than the carbide drills. Also, the large diameter carbide drills showed
a high built-up edge due to the formation of large chips, whereas easy chip breaking and
evacuation occurred at carbide drills of 6 mm diameter with a point angle of 140º.
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CHAPTER 4: PERFORMANCE ANALYSIS OF MULTI-SPINDLE
DRILLING OF AL2024 WITH TIN AND TICN COATED DRILLS USING
EXPERIMENTAL AND ARTIFICIAL NEURAL NETWORKS
TECHNIQUE
This chapter has been published as an original research paper in the ‘Applied Science, an official
journal of MDPI in a special issue: New Trends in Advanced Manufacturing in the Aeronautical Sector,
as listed in Section 1.4. The details presented here are the same, except some changes in the layout to
maintain a consistency in the presentation throughout the thesis.

4.1 Introduction
Aluminium and its alloys have gained significant importance through their vast applications in various
manufacturing industries [128]. However, with current trends in dry machining, aluminium alloys tend
to adhere to the cutting tool, which results in tool wear [22]. The wear mechanisms can affect hole
quality by producing rough surfaces, additional burrs around the edges, roundness deviation,
cylindricity, and high cutting forces [7,63,155]. According to Nouari et al. [75], carbide tools have been
proven to perform better for the dry machining of aluminium alloys than high-speed steel (HSS) tools.
However, carbide tools have limited performance at high cutting speeds, which would ultimately affect
productivity. Therefore, cutting tools are usually coated using materials with a high hardness to resist
wear mechanisms. In this regard, different coatings and machine tools have been widely researched to
make the drilling process more effective and to produce high-quality holes [7]. Some of the previous
studies on evaluating different types of tool coatings on the machinability of Al2024 alloy are discussed
in Table 4.1.
Table 4-1: Previous studies on the machining of aluminium alloys using coated drill bits.
Machining
Process

Tool
Materials/Coatings

Aluminium
Alloy

Conclusions

The results showed that the
coatings did not show any
significant impact on the
HSS uncoated drills
temperature of the workpiece
One shotCoatings:
and the surface texture of the
drilling
356 alloy
holes. However, drills with
TiAlN/TiN (multilayer)
process
TiAlN
coatings of TiAlN/TiN and
TiAlN
showed
better
dimensional accuracy of the
hole.
It was reported that in terms of
Uncoated carbide
hole quality and tool life in dry
Coatings:
drilling of Al2024, the coated
One shot- TiN
drills did not perform well,
Al2024-T351
TiN + Ag
drilling
expect a diamond and Hardlube
TiAlN
process
coated drills with results closed
TiAlN + WC/C
to that obtained in uncoated
Diamond
carbide drills.

Ref

[106]

[68]

55

One shot- Uncoated HSS
drilling
Coatings:
process
Cobalt

Turning

Uncoated carbide
Coatings:
TiC
TiN
Al2O3
AlON
TiB2
Diamond

Uncoated HSS
One shot- Coatings:
TiAlN
drilling
%5 Co
process
TiN

The study recommended that in
comparison to uncoated HSS
Al2024
drills, the longer tool life was
obtained when the HSS-Co
drills were used.
It was concluded that coatings
were not successful in dry
machining of pure aluminium
Pure
and Al–12% Si alloys because
aluminium
of the formation of built-up
and Al–12%
edge on the tools and
Si
subsequent increased in cutting
forces and surface roughness of
the materials.
The use of TiAlN and TiN
coated HSS drills were not
recommended at low cutting
parameters. The only coated
Al2024
drill suggested in their study
was the HSS-Co 5% that
delivered
an
outstanding
performance in all cutting
parameters.

[80]

[105]

[76]

As it can be seen from Table 4.1, the research on tool coating in the machining of aluminium in general
and Al2024 alloy in particular is limited and most of the studies are focused only on either one-shot
drilling or other machining processes. The above studies also show that the use of coating tools for
drilling aluminium alloys is sometimes contradictory and still inadequate. Furthermore, no study is
available in the open literature for the use of coated drills using the multi-hole simultaneous drilling
approach. The multi-hole simultaneous drilling operation is performed using the multi-spindle drilling
head to reduce machining time and increase productivity without compromising hole quality, which are
the key factors for the machining process [1,3,4,134]. Therefore, further research is required to find
suitable cutting tools and coatings for optimum machining of aluminium alloys and evaluate their
performance when several coated tools are used simultaneously to create multiple holes in one go.
In a study by Aamir et al. [97], a single drilling process was compared with multi-spindle drilling using
HSS drills. It was concluded that with the same drilling parameters, the multi-spindle drilling performed
better than the single drilling process by providing a lower thrust force, lower surface, small burrs, short
chips, and low built-up edges. In another study [11], apart from the surface, the deviation of hole from
the nominal size was investigated. Additionally, the Taguchi method for optimization and the fuzzy
logic approach for prediction of surface roughness (Ra ) and hole size were used. The low spindle speed
and feed rate were recommended for high-quality holes in the multi-spindle drilling process.
Furthermore, the machinability of Al2024 was found to be better when compared with Al6061 and
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Al5083 during multi-spindle drilling [107]. Additionally, carbide tools with a high point angle were
recommended in multi-spindle drilling of Al2024 as compared to HSS drills [156]. However, there is a
need to research further to evaluate the performance of multi-spindle drilling for better hole quality
when several coated tools are used simultaneously to create multiple holes in one go. Therefore, this
study includes the investigation of coatings of TiN and TiCN on carbide tools in Al2024 using the multihole simultaneous drilling approach. In addition, an artificial neural network (ANN) is employed for
the prediction of Ra using the multi-layer perceptron (MLP) technique. An ANN is an artificial
intelligent technique used for modelling and predicting the response of complex production systems
[157]. Additionally, manufacturing industries such as aerospace, automobile etc. have increased

demands for products with high surface finishes where the Ra is considered as a high surface quality
indicator [158]. For these reasons, modelling of Ra is of significant interest for research [157].

4.2 Materials and Methods
In this study, drilling experiments were performed using the multi-spindle drill head type MH30/13 to
increase productivity and reduce time by producing multi-holes simultaneously. A manual milling
machine that has a maximum spindle speed of 3450 rpm with constant feeds was used for drilling
operations. Therefore, drilling parameters include the spindle speeds of 1007, 2015, and 3025 rpm
whereas the selected feeds were 0.04, 0.08, and 0.14 mm/rev. These drilling parameters were considered
similar to the previous study by Aamir et al. [156]. All drilling tests were conducted in a dry condition.
The workpiece material used was Al2024, which is used in the aerospace industry due to its good
machinability, high fracture toughness, excellent damage tolerance and resistance to fatigue crack [20].
The carbide twist drills with TiN and TiCN coatings were used for the drilling operation. All drills were
6 mm with a helix angle and point angle of 30° and 140°, respectively. The carbide drill was selected
due to its combination of high hardness and toughness [50], where the high point and helix angles gave
high-quality holes [68]. The 6 mm diameter is a common size for making holes in aerospace structures
for creating rivets [63]. The coatings were selected to enhance the wear resistance and tool life, and
improve the hole quality [159].
A Kistler 9257BA force dynamometer connected with a control unit and data acquisition was used for
measuring and analysing the thrust force. A support plate was used to avoid any damage to the
dynamometer. Surface roughness is generally measured as the average roughness ( Ra ) which is
commonly used in the mentioned industries [74]. Therefore, in this study, Ra was measured using the
surface roughness tester and the burrs were inspected using a digital microscope. The details of the
equipment are given in Figure 4.1. Moreover, the analysis of variance (ANOVA) technique was
performed to find the percentage contribution of spindle speed, feed and coatings on the thrust force
and Ra . ANOVA is a decision-making tool used for determining the impact of input parameters from
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experimental results [141]. Finally, an artificial neural network (ANN) technique was used for modelling
and predicting the Ra using the MATLAB® 2017b environment.

Figure 4.1: Details of the equipment.

4.3 Results and Discussion
4.3.1 Analysis of Thrust Force
The thrust force used in drilling processes is one of the main components of force generation affected
by the drilling parameters, workpiece mechanical properties, number of drill holes, tool wear, drilling
operation and machine tool structure [53]. Previously, the thrust force generated during the one-shot
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single drilling process has been widely studied [37,63,77,78,132,160-164]. Therefore, this study
represents the thrust force generated during multi-hole simultaneous drilling operations. Figure 4.2
shows the thrust force obtained from the uncoated carbide and TiN and TiCN coated carbide drills. It
shows that thrust force was found to increase with the increases in the feed where reasons might be
attributed to the increase in uncut chip thickness [36,58,59] and the rapid rubbing action of the tool and
workpiece at high feed, which might have increased the heat energy being absorbed by the tool, which
caused the tool wear [165]. Figure 4.2 also shows a decrease in thrust force with an increase in the
spindle speed. According to Karabulut [143], the increase in temperature at high spindle speed affects
the strength of the workpiece and causes the plastic deformation of the workpiece, which leads to a
reduction in thrust force. Further, at the highest spindle speed selected in this study, a slight increase in
the thrust force was observed at the high feed, which might be due to the increase in the number of
holes, which promotes tool wear due to high friction at the interface of the tool–workpiece and
subsequent high-force generation [144]. However, in general, the impact of spindle speed was not
significant on the thrust force.
It was also observed that the uncoated carbide drills produce a lower thrust force than the TiN and TiCN
coated drills, regardless of the drilling parameters. However, the reduction in the thrust force using
uncoated drills was minimal and did not exceed 5% compared to that generated from using the coated
tools. The lower thrust force from uncoated drills was mostly noted at the low spindle speeds. At a
spindle speed of 3025 rpm and increasing feed, there are negligible differences between the thrust force
generated by uncoated and TiN coated drills and somewhat lower thrust force values from TiCN coated
drills. This could imply that TiCN coated tools might show a better performance than the other two
tools when machining at higher spindle speeds [75]. The highest impact on the thrust force was due to
feed following the drill type while no significant impact was found from the spindle speed, or the linear
interactions between the studied parameters as shown in ANOVA results given in Table 4.2.
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Figure 4.2: Average thrust force
Table 4-2: ANOVA for thrust force.
Source
Model
Linear
𝑛𝑛
𝑓𝑓
𝐷𝐷𝐷𝐷
2-Way Interactions
𝑛𝑛 × 𝑓𝑓
𝑛𝑛 × 𝐷𝐷𝐷𝐷
𝑓𝑓 × 𝐷𝐷𝐷𝐷
Error
Total

DF
Seq SS
Adj SS
Adj MS F-Value p-Value Contribution
18
11,25,285 1,125,285 62,516
671.61
0
99.93%
6
1,120,666 1,120,666 186,778 2006.57
0
99.52%
2
663
663
332
3.56
0.078
0.06%
2
1,117,200 1,117,200 558,600 6001.1
0
99.22%
2
2803
2803
1401
15.06
0.002
0.25%
12
4619
4619
385
4.14
0.026
0.41%
4
2131
2131
533
5.72
0.018
0.19%
4
1363
1363
341
3.66
0.056
0.12%
4
1125
1125
281
3.02
0.086
0.10%
8
745
745
93
0.07%
26
1,126,029
100.00%
Spindle speed: 𝑛𝑛 (rpm), feed: 𝑓𝑓 (mm/rev), drill type: 𝐷𝐷𝐷𝐷.

4.3.2 Evaluation of the Hole Quality

4.3.2.1 Analyses of Drilled-Hole Images
In this study, the quality of holes in terms of burrs was examined using a digital optical microscope
with a scale of 1 mm. These burrs on the entrance and exit side of holes under selected drilling
parameters using uncoated and coated drills, i.e., TiN and TiCN, are shown in Figures 4.3 – 4.5.
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Figure 4.3: Hole images from uncoated carbide drills [107].
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Figure 4.4: Hole images from TiN coated carbide drills.
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Figure 4.5: Hole images from TiCN coated carbide drills.
The visual and microscopic inspections of hole quality showed that more burrs were generated at the
entrance of holes compared to the exit side, irrespective of the coatings of the drills. Furthermore, the
burrs at both sides of the holes increased with the increase in spindle speed and feed. However, the feed
was found to be the dominant factor in increasing the burrs while the increase in spindle speed did not
produce any considerable burrs. This is likely expected due to the effect of the thrust force where the
feed was found to be more influential compared to the spindle speed. Figures 4.3 – 4.5 also show that
the uncoated drill produces holes with less burr formation compared with the TiN and TiCN coated
drills. However, in comparison to TiN, the burrs formed by the TiCN coated drill were found to be less.
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4.3.2.2 Surface Roughness
The surface roughness has a key role in the evaluation of machining performance of a workpiece [77].
Figure 4.6 indicates that Ra was affected by the drilling parameters, irrespective of the coatings of the
drills. Increase in both spindle speed and feed resulted in increased Ra ; however, the spindle speed was
found to be more effective in increasing the Ra compared to feed. This might be due to the increase in
the ductility of the workpiece due to the rise in temperature at high spindle speed [166]. Additionally,
the possibility of high vibration at high speeds would have caused the rough surface roughness [76].
Regarding the high feed, the increase in chip thickness could be the source of an increase in Ra [36].
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Figure 4.6: Average surface roughness (µm).
Figure 4.6 also shows that the uncoated carbide tool gave lower values of Ra than the TiN and TiCN
coated drills. This is likely attributed due to the built-up edge (BUE) because of the higher chemical
affinity of aluminium for coatings due to the constant release of particles on the tool’s surface, which
results in high thrust force and increased Ra [105]. However, the TiCN coated drill performed better at
a high spindle speed of 3025 rpm. According to Nouari et al. [75], the reason for the lower Ra of holes
drilled using coated tools at high spindle speed is because the coating provides a thermal barrier from
high temperature therefore reducing the diffusion wear process at high cutting speed for dry drilling of
Al2024. Additionally, the Ra obtained during multi-spindle drilling performance of TiN of Al2024 was
higher than those measured from TiCN, regardless of the drilling parameters. The reason behind this is
expected to be due to the low hardness values and low friction coefficient of TiN compared to TiCN
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[159]. The hardness of TiN is 23 GPa while that of TiCN is 27 GPa [159]. Previous studies have shown

that TiCN coated tools provide better tool life than TiN coated tools due to their higher hardness [167].
Moreover, the addition of carbon adds more hardness and makes the TiCN coating more resistant to
adhesions, making TiCN coated tools somewhat more effective in reducing Ra at higher speeds and
feeds [168]. Additionally, the coefficient of friction of TiN and TiCN is 0.4 and 0.2, respectively [159],
and coatings with a low friction coefficient resulted in low cutting loads and less tool wear; hence, small
values of Ra can be expected. This is because the low friction coatings can reduce the tendency to stick
and pick up material from the surface used in cutting and forming tools [169]. Table 4.3 shows the
percentage contribution from ANOVA, which indicates that the spindle speed was the most influential
drilling parameter on the Ra , following by the feed and the drill type, which includes the uncoated and
coated drills. The linear interaction of the input parameters had a negligible contribution on Ra of less
than 1.5%.
Table 4-3: ANOVA for surface roughness.
Source
DF Seq SS Adj SS Adj MS F-Value p-Value Contribution
Model
18 7.70713 7.70713 0.42817 191.81
0
99.77%
Linear
6 7.52638 7.52638 1.2544
561.93
0
97.43%
2 5.04159 5.04159 2.52079 1129.24
0
65.26%
𝑛𝑛
2 2.23015 2.23015 1.11508 499.52
0
28.87%
𝑓𝑓
2
0.25465
0.25465
0.12732
57.04
0
3.30%
𝐷𝐷𝐷𝐷
2-Way Interactions 12 0.18075 0.18075 0.01506
6.75
0.006
2.34%
4
0.102
0.102
0.0255
11.42
0.002
1.32%
𝑛𝑛 × 𝑓𝑓
4 0.06481 0.06481 0.0162
7.26
0.009
0.84%
𝑛𝑛 × 𝐷𝐷𝐷𝐷
4 0.01394 0.01394 0.00349
1.56
0.274
0.18%
𝑓𝑓 × 𝐷𝐷𝐷𝐷
Error
8 0.01786 0.01786 0.00223
0.23%
Total
26 7.72499
100.00%
Spindle speed: 𝑛𝑛 (rpm), feed: 𝑓𝑓 (mm/rev), drill type: 𝐷𝐷𝐷𝐷.

Therefore, from the ANOVA results, it can be concluded that the use of coated drills does not provide
any significant contribution to reducing thrust force or Ra when drilling Al2024 alloy. However, this
might be only true for the range of studied feeds and speeds. A broader study that looks into the
performance of the studied coatings at higher speeds and feeds is recommended.

4.4 Artificial Neural Network
ANNs originally developed by McCulloch and Pitts [170] are based on the behaviour and structure of
the human brain. The basic computational units of ANN are known as neurons (nodes), which are
connected through weights, and are responsible for computing the results within the defined range. To
achieve the desired results, the data need to be divided into two groups, i.e., training and testing datasets.
Training data usually consist of 70% or 80% of the dataset, which act as patterns and the ANN
establishes a non-linear connection between them. A second dataset, known as the testing data, adopts
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the recognized patterns to evaluate the generalization potential of the system. It is worth noting that the
developed network is unfamiliar with the testing data [171]. Therefore, ANNs attempt to learn the
hidden pattern from the training dataset and then applies it to the testing dataset, to examine the
generalisation ability of the system. A multilayer perceptron (MLP) neural network was employed to
establish the relationship between the input and output parameters using a single hidden layer. MLP is
the most commonly used network, among the diverse types of ANNs used by various researchers
[172,173]. The MLP consists of three layers, namely input, hidden and output layers. Hornik [174]

comprehensively proved that, for a regression problem, a single hidden layer is adequate to map a
relationship between input and response variables. Additionally, a single hidden layer is adequate to
map a relationship between input and response variables as it provides satisfactory results in the
approximation of nonlinear problems [175]. Further, the increase in the number of nodes causes the
model to become complicated with many different parameters [176]. The proposed scheme for the
prediction of Ra using ANN is given in Figure 4.7.
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Figure 4.7: Proposed scheme for predicting the surface roughness.
It is noteworthy that data normalisation is important before feeding it to any machine learning model
so that each variable receives the same attention [172]. Therefore, for this study, all parameters were
normalised between −1 to 1 using the following relationship.

Xn = 2

X − X min
−1
X max − X min

(1)

67

where X max and X min represent the maximum and minimum values of the parameters, respectively.
The tangent-sigmoid activation function is applied between the input and hidden layers given
mathematically as [171]:
tanh( x) =

2
1 + e −2 x

−1

(2)

The hit and trial method was utilised to find the optimal number of neurons in the hidden layer. The
model with the four hidden neurons is selected as the optimum model with the architecture of 3-4-1 as
shown in Figure 4.8.

Figure 4.8: The architecture of the artificial neural network.
The overall output from the MLP can be stated as follows [177]:

y = FHO (θ ο +

h

∑
j =1

V j FIH (θ hj +

m

∑w
i =1

ij x i ))

(3)

where FHO is the activation function between the hidden and output layer, θ ο is the bias of the output
layer neuron, V j is the connecting weight of neuron j of the hidden layer and a single output node, Fih
is the activation function between the input and the hidden layer, θ hj is the bias value for neuron j of the
hidden layer (j = 1, h), wij is the connecting weight of input i and neuron j of the hidden layer, and xi
is the ith input parameter. The input parameters are spindle speed, feed, and drill type, and the output
parameter is the Ra . The drill type was coded as 0, 1, and 2 depending on the type of coatings. The
uncoated carbide drill is coded as 0, TiN-coated drill as 1, and TiCN as 2. The statistical properties of
the complete experimental data are tabulated in Table 4.4.
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Table 4-4: Statistical properties of the experimental database.
Statistical Properties
Mean
Standard Error
Median
Standard Deviation
Range
Minimum
Maximum

Spindle Speed (rpm)

Feed (mm/rev)

2015.67
92.11
2015.00
828.98
2018.00
1007.00
3025.00

0.09
0.00
0.08
0.04
0.10
0.04
0.14

Surface Roughness
(µm)
2.34
0.06
2.32
0.55
2.40
1.20
3.60

4.4.1 ANN-Based Formula
To facilitate the researchers/practitioners, the developed model was also translated into a trackable
mathematical formulation. Based on the developed ANN, the procedure for calculating the R a is given
as follows:
Step 1: Normalise the input parameters according to Equation (1). The minimum and maximum ranges
of all the parameters are given in Table 4.4.
Step 2: Calculate the normalised Ra as follows:
n net = wij x n′ + θ hj

2

(4)

−1

(5)

R a ( n ) = V j n out + θ ο

(6)

n out =

1 + e − 2 nnet

where nnet is the net input to the hidden layer neurons, nout is the output of each hidden layer neuron,
and x n′ is the normalized values of the input parameters.
The values of wij , θ hj , V j and θ ο are given as follows:
− 0.3095 
2.2306 0.3088
0.3609 0.4736
0.6529 

wij = 

3.0656 − 2.2762 − 10.5984
0.3968 
0.5709 0.6985

(7)

− 2.5736
 − 1.0580 


θ hj = 

 5.5033 
 1.4934 

(8)
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V j = {0.5424 0.5781 0.2267 0.7662}

(9)

θ ο = {0.0734}

(10)

Ra = 0.5( Ra ( n ) + 1)( Ra (max) − Ra (min) ) + Ra (min)

(11)

Step 3: Calculate the Ra as follows:

4.4.2 Model Performance Evaluation
In this study, the widely used and well-established ratio of 80:20 was used to divide the data into training
and testing subsets, respectively. As discussed earlier, the training data are used to construct the model
network and the testing data are used for validating the performance of the network [172]. The network
uses the training data to learn and map the hidden relationships. Thereafter, it was applied to the testing
dataset and the predicted outputs were compared with the measured results (targets) to estimate the
predictive strength of the model. For this study, three statistical indices were utilised to assess the
accuracy of the developed model: (1) root mean square error (RMSE); (2) mean absolute per cent
deviation (MAPD); and (3) coefficient of determination (R2). All these indices are predominantly used
for evaluating the accuracy of any data-driven modelling technique [172].

RMSE =

1
n

MAPD(%) =

∑ [( R

1
n

n

i =1

Ra i ( m ) − Ra i ( p )

i =1

Ra i ( m )

∑
= 1−
∑

R

i =1
n

]

2

(12)

× 100

(13)

− Ra i ( p ) )

n

∑
n

2

a i ( m)

( Ra i ( p ) − Ra i ( m ) ) 2

( Ra i ( m ) − Ra ( m ) ) 2
i =1

(14)

where n denotes the number of data samples; Ra i (m ) is the ith measured surface roughness; R a i ( p ) is the
ith predicted surface roughness; and Ra (m ) is the mean value of measured surface roughness. The values
of the statistical indices for the training and testing datasets are summarised in Table 4.5.
Table 4-5: Statistical indices for training and testing datasets.
Statistical Indices Magnitudes
RMSE MAPD (%)
R2
Training 0.127
4.69
0.95
Testing
0.204
8.12
0.88
Dataset
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For the training dataset, the values of RMSE, MAPD and R2 were 0.127, 4.69 and 0.95, whereas for
the testing dataset the values were 0.204, 8.12, and 0.88, respectively, which depicted the satisfactory
performance of the developed model.
The scatter and error plots for the training and testing datasets are shown in Figures 4.9 and 4.10. The
perfect prediction between the data plotted on the abscissa (measured response) and the ordinate
(predicted response) is depicted by the perfect prediction line (x = y) in the scatter plot. Additionally,
the error plots for the training and testing datasets were created by computing the difference between
the measured and simulated response for each data point. From Figures 4.9 and 4.10, it can be seen that
the developed ANN model produced the outputs close to the observed measurement with approximate
±10 − 15% error.

Figure 4.9: Scatter and error plots between the measured and simulated values of surface
roughness for training.

Figure 4.10: Scatter and error plots between the measured and simulated values of surface
roughness for testing.

4.4.3 Model Robustness
An ANN model may achieve good prediction, which could be evaluated according to the fit obtained
between the original outputs of the model and the simulated responses. However, the model may only
be considered robust if it predicts the response in a realistic manner, that is, according to the underlying
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physical behaviour of the investigated system. Hence, the model also needs validation to confirm its
robustness to assess the relationship [178]. In this regard, a sensitivity analysis was carried out to
evaluate the response of the developed ANN model. The incremental sensitivity method was used to
assess the significance of each input parameter in the prediction equation [179]. Sensitivity analysis is
a simple and innovative technique that examines the connection weights of the trained network by
interpreting the relative significance of the input variables [180]. In the incremental sensitivity analysis,
all input variables except one are fixed to the mean values and the other variables are varied between
the input range (minimum to maximum); finally, the predicted response is measured in each step [181].
For this study, this process was repeated for all drill types and the robustness was examined to see how
well the predicted data are in agreement with the physical behaviour over a range of input data. Figure
4.11 shows that, in general, for all the drill types, Ra increases by increasing spindle speed and feed.
However, the effect of spindle speed was found to be more than that of feed. This is in line with the
previous experimental studies conducted by [11,97,107]. In addition, the graph of uncoated drill
presented low values of Ra at low spindle speed while a significant increase was observed with the rise
in spindle speed. The TiCN coated drills performed better at the high spindle speed whereas the TiN
drill gave the highest values of Ra compared to those measured from uncoated and TiCN carbide coated
drills. This concluded that the developed model agrees with the expected effect of spindle speed, feed,
and coatings on the Ra . Therefore, the developed model can be useful for industries and manufacturing
engineers for predicting the surface roughness of Al2024 in multi-hole simultaneous drilling processes.

Figure 4.11: Sensitivity analysis.
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4.5 Conclusions
This study includes the use of a multi-spindle drill head to perform a multi-hole simultaneous drilling
process to increase productivity and save time. To assess the quality of holes, uncoated carbide and
(TiN and TiCN) coated drills were used. It was concluded that low thrust force, low surface roughness
and small burrs were observed with the use of the uncoated drills during multi-spindle drilling of
Al2024, while the TiN-coated drill gave the highest thrust force and poor hole quality. However, at a
high spindle speed, the TiCN performed better than the uncoated drills because of its high hardness
value and low coefficient of friction. Therefore, the performance of the TiCN coating tool was good at
high spindle speeds and feed rates since it provides similar or less thrust force and better surface finish
than the other tools. This means combining TiCN coating with poly drilling can give both better hole
quality and also reduce drilling time. Regarding the drilling parameters, the thrust force was highly
influenced by the feed, while the effect of spindle speed on thrust force was insignificant. The surface
roughness was affected more by the spindle speed than the feed. However, most of the burrs were
observed at a high feed as compared to the increase in spindle speed. Furthermore, more burrs were
observed at the holes’ exits. In addition, an ANN model, which can be part of a portfolio for the
manufacturing engineering work on the drilling of Al2024, was developed for the prediction of surface
roughness when using the multi-hole simultaneous drilling process. The ANN model is reliable for the
prediction of surface roughness with the values of RMSE, MAPD and R2 of 0.127, 4.69 and 0.95 for
the training dataset, and 0.204, 8.12, and 0.88 for the testing dataset, which showed the satisfactory
performance of the developed model. This work can be further extended to examine the deviation of
the hole from the nominal size and circularity error in the multi-spindle drilling process.
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CHAPTER 5: MULTI-SPINDLE DRILLING OF AL2024 ALLOY AND
THE EFFECT OF TIALN AND TISIN COATED CARBIDE DRILLS FOR
PRODUCTIVITY IMPROVEMENT
This chapter has been published as an original research paper in the ‘The International Journal of
Advanced Manufacturing Technology’, an official journal of Springer, as listed in Section 1.4. The
details presented here are the same, except some changes in the layout to maintain a consistency in the
presentation throughout the thesis.

5.1 Introduction
Riveting, which is achieved by hole drilling, is the most common method used for the assembly of
aircraft structures. The number of holes in an aircraft structure can vary from several thousand to multimillion [7]. Boeing 747, introduced in 1969, contained six million parts, of which half are fasteners
[182]. The quality of holes is essential to ensure assembled structures in the aircraft to maintain high

structural integrity during the life service of the aircraft. Hole quality metrics such as the surface
roughness, burr formations and geometrical tolerances such as hole size and circularity are of great
importance. For example, the inside of the hole must be free of defects such as burrs that could promote
structural weaknesses under the stress of flight. Moreover, hole size, which is out of the recommended
tolerance range, can increase the vibrations in the aircraft structure and promote increased levels of high
cycle fatigue and crack propagation [28]. Moreover, the contact between the cutting tool and the chip
during the drilling process can promote thermal and mechanical stresses, which can increase the surface
roughness in the hole. This, in return, would create undesirable regions of stress concentration from
which cracks can initiate [183]. The fuselage skins of modern aircraft are usually made of aluminium
and titanium alloys [184]. Machining holes in those alloys is generally carried out without coolants,
which increases heat and oxidation on the tool and workpiece. Moreover, it can promote faster tool
wear and lowers the overall hole quality. Therefore, cutting tools are coated with thin films of chemical
compounds that can substantially enhance the properties and performance of a cutting tool.
The advancement in cutting tools is one of the most important aspects of any cutting operation due to
high economic demands in the manufacturing industry. A cutting tool must be stronger and efficient to
machine materials at the highest possible productivity [156]. High productivity is achieved at a high
cutting speed that associates a large amount of heat which might increase the power consumption, and
subsequently, the cutting force increases [185]. In this regard, coatings on the tools have been introduced
to increase the life of the tool, thus reducing the manufacturing cost due to less frequent tool changes
[186].

Chemical vapour deposition (CVD) and physical vapour deposition (PVD) hard coatings are two
techniques employed for cutting tools for improving tool life and machining performance. In the CVD
technique, thin films are deposited on the cutting tools through various chemical reactions, whereas the
PVD technique includes the deposition of the thin film on the tools through a physical technique such
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as sputtering and evaporation [185]. Coatings are deposited on the substrate either as a single layer or
multi-layer depending on the requirement of applications [187].
In the manufacturing industry, drilling is the most commonly used material removal process, in which
the goal is to improve the surface finish and dimensional accuracy to increase productivity [188].
However, it is difficult to achieve all these parameters when it comes to machining aluminium alloys.
Therefore, there is a high possibility of tool wear in the machining of aluminium, especially in a dry
cutting environment [128]. Hence, the selection of an appropriate cutting tool is required, which is
crucial for the improvement of productivity in any manufacturing industry [185].
Haja Syeddu Masooth and Jayakumar [189] worked on dry machining of AA5052 to assess the surface
roughness and cylindricity of the holes. The drill bits used were uncoated HSS (High-Speed Steel) and
TiN, AlCrN, TiAlN HSS coated drills. It was found in their study that the TiAlN performed better by
giving lower values of surface roughness, less cylindricity error and less tool wear. Kuram [190]
evaluated the surface roughness, top burr width, and tool wear using monolayer and two-layer coated
inserts in milling of Al2124 aluminium alloy. It was concluded that coated inserts with two layers (TiCN
+ TiN and AlTiN + TiN) and monolayer TiCN coated inserts gave better machining performance with
respect to AlTiN and TiAlN coated inserts. In another study by Wang et al. [191], the life of TiSiN tools
was found longer than TiAlN when high-speed machining experiments were performed to analyse the
wear and breakage of the tools. Dumkum et al. [169] reported that the TiAlN gave the lowest surface
roughness and smallest tool wear while TiN-coated drills resulted in the lowest thrust force and torque.
Kurt et al. [76] recommended using HSS-Co 5%, during dry drilling of Al2024 for minimal hole
diameter deviations compared with an uncoated, TiN and TiAlN coated drills.
The above studies indicate that most previous studies with different tool materials and coatings are
based on the one-shot drilling process or other machining processes. Further, the use of the coatings on
wear mechanism needs further understanding where the relationship between coating’s characterization
and machining performance needs further assessment. Also, the coatings on the tools used in the
machining of aluminium are still contradictory and need further research. Therefore, this study
investigates the effect of cutting tool coatings (TiAlN- and- TiSiN) on the machinability of Al2024
using the multi-hole simultaneous drilling approach, which has received less attention from researchers.
Multi-spindle drilling is useful for manufacturing industries where machining time and high
productivity are essential for the machining process [1,3,4,134]. The coatings were selected based on
their excellent hardness and high thermal and oxidation resistance [159]. Therefore, the selection of
suitable tool material together with the use of multi-hole drilling would further enhance productivity in
any manufacturing industry.

5.2 Materials and methods
In this study, drilling experiments were conducted using a vertical turret manual milling machine in a
dry environment using an adjustable SUHNER type MH30/13 multi-spindle drill head. The spindle
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speeds selected were 1007, 2015, and 3025 rpm, while the feed rates were 0.04, 0.08, and 0.14 mm/rev,
similar to the previous studies [156]. Furthermore, aggressive drilling results in high vibration and
cutting temperature that could affect the hole quality [192]. A set of three drill bits each for uncoated
carbide, TiAlN, and TiSiN were tested using the multi-spindle simultaneous drilling process. First,
drilling was carried out using uncoated carbide drills, and then the same procedure was carried out for
TiAlN and TiSiN. The workpiece material was Al2024 aluminium alloy which is used in the fuselage
skins of aircraft [63]. The cutting tools were 6 mm uncoated, TiAlN- and TiSiN-coated carbide twist
drills. Some of the properties of cutting tools used in this study are given in Table 5.1. The point angle
and helix angle of the drill bits were 140° and 30°, respectively. The thickness of the workpiece was 10
mm.
Table 5-1: Properties of cutting tools [50,159,193]
Coatings

Oxidation temp (°C)

Hardness (GPa)

Friction coefficient

TiAlN
TiSiN
Uncoated

700-800
1000
500

32
35
26

0.5-0.7
0.6
0.4-0.6

A KISTLER 9257A dynamometer was used to measure the thrust force (𝐹𝐹𝑧𝑧 ) [107]. The average surface

roughness (𝑅𝑅𝑎𝑎 ) was measured using the surface roughness tester, and the burrs were observed using the

digital microscope, similar to a previous study [97]. The tool conditions were examined with the use of
an optical microscope. Analysis of variance (ANOVA) and regression analysis was also performed to
find the percentage contribution of the input parameters and develop a model for predicting the output
parameters. The details of the machines/equipment used in the study are given in Figure 5.1.
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Figure 5.1: Details of experiments

5.3 Results and discussion
5.3.1 Analysis of thrust force
Figure 5.2 shows that the feed had a high influence on average thrust force (𝐹𝐹𝑧𝑧 ) compared to the spindle

speed. As the feed was increased, the 𝐹𝐹𝑧𝑧 increased, while increasing the spindle speed showed less
variation in 𝐹𝐹𝑧𝑧 . The high generation of 𝐹𝐹𝑧𝑧 due to the high feed meant that the tool penetrated faster;
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therefore, at high feed, the tool has to cut maximum material from the workpiece, which increased the
𝐹𝐹𝑧𝑧 due to an increase in uncut chip thickness [58,59]. Also, at high feed, the load on the tool increased,

which increased the 𝐹𝐹𝑧𝑧 [138]. It is also shown in Figure 5.2 that the lowest 𝐹𝐹𝑧𝑧 was obtained using the

uncoated drills in multi-spindle drilling as compared to the TiAlN- and TiSiN-coated drills. Besides,
the value of 𝐹𝐹𝑧𝑧 from TiAlN was lower than that obtained from TiSiN-coated drills. This is because of

the limited adhesion of the TiSiN coating, despite its increased strength and fatigue properties [194].
However, the difference in 𝐹𝐹𝑧𝑧 was insignificant. The rise in 𝐹𝐹𝑧𝑧 was less than 7% for TiAlN, while that

of TiSiN was less than 11% with respect to the 𝐹𝐹𝑧𝑧 generated from uncoated carbide drills under the
selected drilling parameters.

TiAlN coating contains aluminium which means that it is chemically reactive to aluminium and could
easily bond with a cutting surface of the same material, i.e. Al2024. This is mainly due to the metallic
crystal and ionic crystal features of TiAlN coating. The chemical reactivity causes the cutting tool and
workpiece to adhere together, and some of the cut chip would permanently stick on the cutting tools
and cause a built-up edge (BUE). The BUE might be responsible for the slight increase in 𝐹𝐹𝑧𝑧 with the
increase of spindle speed. However, as shown in Figure 5.2, the increase in 𝐹𝐹𝑧𝑧 is minor, which could be

attributed to the low cutting parameters used in the current study. Uncoated carbide drills appear to
perform better relative to the coated cutting tools; this could be due to the lower friction of coefficient
relative to the other tool coatings. However, this claim is only an assumption since the actual friction
coefficient was not measured in the current study and is only based on the data provided by the tool
supplier and open literature. Indeed, it can be seen that the performance of uncoated carbide drills
becomes similar to TiAlN and TiSiN when drilling at higher spindle speeds. Similarly, it is speculated
that drilling at higher spindle speeds beyond 3000 rpm would further increase the 𝐹𝐹𝑧𝑧 when drilling using
uncoated carbide drills due to the low oxidation temperature of the carbide material (~500 °C). It is also

expected that the performance of TiSiN and TiAlN coating in terms of 𝐹𝐹𝑧𝑧 would remain similar at higher

cutting parameters due to their higher oxidation temperature, which is almost as twice as that for
uncoated carbide tools. A firm conclusion can be made -in terms of generated thrust forces- that drilling

Al2024 does not require the use of coated tools when drilling at low spindle speeds and feed rates like
those used in the current study. Instead, uncoated carbide drills can provide similar or better
performance if used for drilling a small number of holes.
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Figure 5.2: Average thrust force

5.3.2 Assessment of hole quality in terms of surface roughness and burrs
Generally, in industries, surface roughness is usually measured as the average roughness (Ra: the
arithmetic average of surface heights measured across a surface) [74]. A lower 𝑅𝑅𝑎𝑎 indicates a better

surface finish, which tends to increase the service life and performance of machined components [186].
Therefore, low 𝑅𝑅𝑎𝑎 is always desirable for high-quality holes. Figure 5.3 shows the 𝑅𝑅𝑎𝑎 of uncoated and

TiAlN- and TiSiN-coated carbide drills, which shows that both the spindle speed and feed affected the

𝑅𝑅𝑎𝑎 , irrespective of the coatings on the drill bits. The 𝑅𝑅𝑎𝑎 increased as the spindle speed and the feed

increase; however, the impact of spindle speed was more than that of feed. The higher 𝑅𝑅𝑎𝑎 due to high
spindle speed could be due to the high temperature that affects the plastic deformation of the workpiece,
which subsequently degraded the surface quality [166]. Also, the high 𝑅𝑅𝑎𝑎 due to the high feed might be

due to the increased thickness of the chips due to the high thrust force that increased the surface
roughness [36].
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Figure 5.3: Average surface roughness
Figure 5.3 also shows that lower 𝑅𝑅𝑎𝑎 values were obtained using the uncoated carbide drills following

the TiAlN- and TiSiN- coated drills in a multi-spindle simultaneous drilling approach. This could be
due to the higher chemical affinity of aluminium for coating materials accumulated on the tools’ surface
due to the constant release of particles, especially silicon which caused a BUE during dry machining of
aluminium. Subsequently, there was a chance of high cutting forces, hence increasing the 𝑅𝑅𝑎𝑎 values

[105]. Furthermore, it was reported that aluminium-based coatings have some drawbacks for the

machining of aluminium because aluminium tends to stick to the workpiece surface. When these
coatings come in contact with aluminium, they have abrasive properties that contribute to the
progression of BUE [195]. However, the 𝑅𝑅𝑎𝑎 in holes drilled using TiAlN coated drills was lower than
those drilled using TiSiN coated drills. The reason that TiSiN has a greater 𝑅𝑅𝑎𝑎 than TiAlN, despite its

high hardness, is that TiSiN coating has restricted adhesion properties than that of TiAlN, which might

have led to a reduction in tool life [194]. Besides, the coefficient of friction of TiSiN is greater than that
of TiAlN coated tools [159], and according to Prengel et al. [196], the low coefficient of friction reduces
the BUE. Hence, smaller 𝑅𝑅𝑎𝑎 values can be expected due to the lower cutting loads and less tool wear

as a result of coatings’ low friction coefficient [169]. Therefore, multi-spindle drilling increases
productivity by drilling more than one hole and using uncoated drills would save manufacturing costs.
The rise in 𝑅𝑅𝑎𝑎 was 28.68% for TiAlN, while that of TiSiN was 33.22% with respect to the 𝑅𝑅𝑎𝑎 obtained

from uncoated carbide drills under the selected drilling parameters.

Apart from the 𝑅𝑅𝑎𝑎 , another essential characteristic of the hole quality is burrs. According to Min et al.
[147], burrs can be a source of dimensional error that interferes with the assembly parts and caused
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misalignments. Figures 5.4 show the burrs around the holes examined from one of the drill bits of the
multi-spindle head at a cutting speed of 3025 rpm and feed of 0.14 mm/rev. Results showed that more
burrs were formed at the entrance of holes than the exit side. Figures 5.4 also show that neither of the
coated drills performs better than the uncoated drills. An insignificant difference was found in burrs
produced in multi-spindle drilling using the TiAlN- and TiSiN-coated drill bits.
Entry holes

Exit holes

Uncoated
coated drill

TiAlNcoated drill

TiSiN-coated
drill

Figure 5.4: Hole images at cutting speed of 3025 rpm and feed of 0.14 mm/rev

5.3.3 Statistical Analyses
5.3.3.1 Analysis of variance
Analysis of variance (ANOVA) is a statistical method used to determine the significant parameters on
the response and to check how much impact input parameters in any machining process has on the
output responses [156]. In this study, ANOVA was performed with a confidence interval of 95% (α =
0.05) based on spindle speed, feed, and coatings of the drills in the multi-spindle drilling approach. The
selected responses were thrust force and 𝑅𝑅𝑎𝑎 . Therefore, the P-value would consider only those values

as statistically significant, which are less than 0.05. Additionally, F-values determine whether the
significant effect of the parameter has on the quality characteristics. Finally, the percentage contribution
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describes the influence of each process parameter on the output responses [71]. Table 5.2 shows the
ANOVA results for the thrust force and 𝑅𝑅𝑎𝑎 .

Table 5-2: Analysis of variance

Thrust force
Source
DF Seq SS
Model
18 1171529
Linear
6
1168684
2
467
𝑛𝑛
2
1160014
𝑓𝑓
2
8203
C
2-Way Interactions
12
2845
4
1576
𝑛𝑛 x 𝑓𝑓
4
718
𝑛𝑛 x C
4
551
𝑓𝑓 x C
Error
8
1164
Total
26 1172693
Surface roughness
Model
18 10.2274
Linear
6
9.6813
2
5.4459
𝑛𝑛
2
2.1104
𝑓𝑓
2
2.125
C
2-Way Interactions
12
0.546
4
0.2034
𝑛𝑛 x 𝑓𝑓
4
0.2531
𝑛𝑛 x C
4
0.0895
𝑓𝑓 x C
Error
8
0.1032
Total
26 10.3305
𝑛𝑛: spindle speed, 𝑓𝑓: feed, C: coatings

Adj SS
1171529
1168684
467
1160014
8203
2845
1576
718
551
1164
-

Adj MS
65085
194781
234
580007
4102
237
394
180
138
146
-

F-Value
447.23
1338.43
1.61
3985.51
28.18
1.63
2.71
1.23
0.95
-

P-Value
0
0
0.259
0
0
0.249
0.108
0.369
0.485
-

Contribution
99.90%
99.66%
0.04%
98.92%
0.70%
0.24%
0.13%
0.06%
0.05%
0.10%
100.00%

10.2274
9.6813
5.4459
2.1104
2.125
0.546
0.2034
0.2531
0.0895
0.1032
-

0.56819
1.61356
2.72297
1.0552
1.06249
0.0455
0.05086
0.06328
0.02237
0.0129
-

44.05
125.08
211.09
81.8
82.37
3.53
3.94
4.91
1.73
-

0
0
0
0
0
0.041
0.047
0.027
0.235
-

99.00%
93.72%
52.72%
20.43%
20.57%
5.29%
1.97%
2.45%
0.87%
1.00%
100.00%

The results show that for the thrust force, the most influential parameter was the feed (98.92%),
followed by a minor contribution from the coating (0.7%). The impact of the spindle speed on thrust
force and the linear interactions between the studied parameters were found to be insignificant as the p-

value is more than 0.05. For 𝑅𝑅𝑎𝑎 , spindle speed showed the highest percentage contribution (52.72%),

followed by the coating and the feed with 20.57% and 20.43%, respectively. Linear interactions
between the spindle speed and the other two parameters showed a somewhat minor contribution of less
than 2.5% in increasing the 𝑅𝑅𝑎𝑎 .

5.3.3.2 Regression analysis

Regression analysis is a statistical method used to develop a regression equation that analyses the
correlation between the process parameters and the responses in any machining process [197]. The
coefficients in the equations estimate the relationship between each independent variable and the
dependent variable. The responses are the dependent or outcome variables, and the predictors are the
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independent or input variables [198]. Therefore, the essential parts of a regression model include:
Dependent Variable = (Constant +Independent Variables) + Error [198].
In this study, the equations obtained from the regression analysis are presented as:
Thrust force = 227.7 − 0.00244 Spindle speed + 5043.7 Feed + 20.28 Coatings

(1)

Surface roughness = 0.237 + 0.000544 Spindle speed + 6.800 Feed + 0.3424 Coatings

(2)

R2 = 99.56%
R2 = 93.30%

R2 is the regression coefficient, which shows the effectiveness of the model [77]. It statistically measures

how well the regression line estimates the real data points, where the values between 0.8 and 1 are
highly acknowledged [199]. The R2 values in this study are more than 90%, which indicates that the

developed equations are acceptable for the prediction of thrust force and surface roughness in the

selected machining variables for the multi-spindle drilling process of Al2024. Furthermore, the
adequacy of the model was investigated by analysing residuals, which are the difference between the
respective observed responses and the predicted responses [200]. Figure 5.5 illustrates the normal
probability plots for the thrust force and surface roughness which shows that all the residuals almost
fall on a straight line, whereas Figure 5.6 shows the statistical data about the residuals, thus confirming
that the regression model matches well with the experimental data and the developed model is highly
reliable.

Figure 5.5: Normal probability plots for thrust force and surface roughness
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Figure 5.6: Residual analysis for thrust force and surface roughness

5.3.4 Post drilling tool conditions
The type of tool wear depends on the materials of the tool, the workpiece, and the drilling conditions
[105]. Also, as aforementioned, the usual tool wear in dry machining of aluminium is the BUE. Figure

5.7 shows the condition of one of the uncoated carbide and coated carbide drills used in multi-spindle
drill drilling, which reveals the formation of BUE. The high BUE was found on the TiSiN following
TiAlN coated drills and the uncoated drills, which also correspond to a reason for surface roughness.
According to Bouzakis et al. [194], the good performance of TiAlN than TiSiN was due to the weaker
adhesion properties of TiSiN, despite the increased strength. Also, as discussed earlier, the co-efficient
of friction of TiSiN is more than TiAlN [159], which increased the tool wear by increasing the tendency
of sticking the materials from the workpiece on the tools [169]. Besides, the reason for the high BUE of
the coated drills than the uncoated drill bits might be due to the low drilling parameters selected in this
study. Therefore, further investigation is required to assess the performance of coated drills at high
drilling parameters during the multi-spindle simultaneous drilling process. However, it should be noted
that aggressive drilling might either increase the undesirable vibration or cutting temperature that would
affect the hole quality [192].
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Figure 5.7: Post-machining tool condition: (a) uncoated carbide (b) TiAlN (c) TiSiN

5.4 Conclusions
This work investigated the use of uncoated carbide and TiAlN- and TiSiN- coated carbide drill bits to
ensure high-quality holes in the multi-spindle drilling process for productivity improvement.
•

In general, regardless of the tool coating types, the high feed increased the thrust force, while
in the case of surface roughness, both the high spindle speed and feed increased the surface
roughness. However, the spindle speed was found more influential than the feed. Furthermore,
the burrs at the exit of the holes were more evident than those formed at the entrance of the
holes. The burrs were more affected by the feed as compared to the spindle speed.

•

The ANOVA results revealed that thrust force was influenced by feed followed by coatings
with insignificant impact from the spindle speed. In contrast, the surface roughness was more
affected by the spindle speed following the coatings and feed. Also, a regression model was
developed with R2 of more than 90%, which means that the developed equations are reliable

and can be used to predict thrust force and surface roughness.
•

The use of TiAlN- and TiSiN-coated drills compared to the uncoated drills did not significantly
lower the thrust force and improve hole quality, such as lowering the surface roughness and
less burr formation. The high built-up edge was found on the TiSiN following TiAlN coated
drills and the uncoated drills. Therefore, in the multi-spindle drilling approach, the uncoated
carbide drill showed high performance. However, further research is required to assess coated
tools at high drilling parameters in the multi-spindle drilling process.
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CHAPTER 6: The Effect of TiN-, TiCN-, TiAlN-, and TiSiN Coated Tools
on the Surface Defects and Geometric Tolerances of Holes in Multi-Spindle
Drilling of Al2024 Alloy
This chapter has been published as an original research paper in the ‘Metals, an official journal of
MDPI in a special issue: Optimization and Analysis of Metal Cutting Processes, as listed in Section
1.4. The details presented here are the same, except some changes in the layout to maintain a
consistency in the presentation throughout the thesis.

6.1 Introduction
For many manufacturing industries, performing efficient drilling operations is a deciding factor on the
structural integrity of the machined parts. Among the various sectors, the aerospace industry is one of
those where the drilling process is widely used to create millions of holes, especially for joining large
aeronautical structures by means of riveting [7,201]. The drilling process also has a significant role in
the production process because it is applied to the final stages during the assembly operations and can
significantly affect the total manufacturing cost [98]. Therefore, a credible and efficient drilling process
is always desirable to avoid low hole quality, which could eventually lead to part rejection prior to
assembly. A high-quality hole must have low surface roughness, minimum burr formation, and lower
geometrical deviations of circularity, perpendicularity, cylindricity, and hole size to meet the tight
tolerances within the allowable limits for assembling components [128].
Aside from the high-quality holes, manufacturing industries are also interested in increasing
productivity by reducing the machining time or eliminating the use of cutting fluids [97]. For example,
in the aircraft industry, the drilling process is performed in a dry environment so that the structures do
not require cleaning before the rivets are placed [46]. However, the temperature rise is common during
dry machining, especially within the cutting zone, which can result in premature tool wear [202] or the
formation of the built-up edge during the drilling of metals such as aluminum, which consequently
affects the quality of the holes [203]. Therefore, it is important to select the right cutting tool to avoid
affecting productivity, cost, and time. Other essential parameters on which the drilling process depends
are the spindle speed and feed rate, the tool geometry, tool materials and coatings, and the type of
drilling machine to adopt the reliability of the drilling process [58,156,204]. Furthermore, the drilling
process is not as simple as the turning operation in terms of process controls, the kinematics, and
dynamics of the process and, of course, the chip removal, as there is limited space for the removal of
chips in the drill bit’s flutes. In addition, considerable friction is expected between the tool, chip, and
the workpiece, which might affect the hole quality [129]. Thus, the drilling process needs more research
to reduce the incidence of the above problems to improve the hole quality [126].
Previously, high-speed steel (HSS) drills were the primary choice, with over 90% of usage during the
1980s. However, depending upon the application and development in the research, the introduction of
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carbide tools has increased the tool performance, thereby resulting in the high economic efficiency of
drilling operations. Additionally, hard coatings and internally cooled tools have further enhanced the
tool’s performance [129]. However, it is worth noting that even if the coatings are hard and wearresistant, they will not perform better if the substrate is not hard enough [185]. The literature shows that
coatings on carbides result in excellent heat resistance [205] and high hardness than high-speed steels
[206]. Hence, the advantages of the carbide substrate include crack resistance, improved toughness, and

welding resistance [185]. Therefore, a good combination of substrate-coatings is essential for the
adhesion strength of a coating and tool wear resistance [185].
Apart from the high-quality holes and efficient drilling process, the growth of any manufacturing
industry depends on productivity, which is possible by reducing machining time [2]. Therefore, to
produce high accuracy machine parts and higher productivity, multi-tasking machine tools need to be
used to drill multi-holes simultaneously [11]. Poly drill heads or multi-spindle heads are specialized
tools that carry multiple spindles and increase the drilling process by simultaneously drilling two or
more holes in one operation [207]. These multi-spindle heads also provide high accuracy in the drilling
pattern and ensure a reliable machining operation on the same plane [4]. The two types of multi-spindle
heads are fixed and flexible. In the fixed multi-spindle heads, the tool positions cannot change.
However, in the flexible one, the spindles can be easily adjusted in any position as required within a
particular range [134].
Aluminum and its alloys are extensively used in automotive, aerospace, transportation, and building
due to their lightweight, durability, strength, mature manufacturing process, corrosion resistance, and
low cost [28,208]. Among the common classes, most of the alloys from the 2000 series are used in the
airframe structure of aircraft where damage tolerance is the primary design criterion. One well-known
example is the Al2024, which is widely used in aircraft fuselage skins because of its good resistance to
fatigue crack growth and superior damage tolerance [20,107].
Previously, it was also investigated that the uncoated carbide drills outperformed uncoated high-speed
steel (HSS) drills for the drilling of Al2024 [156]. However, the research on the coating in the drilling
of Al2024 is limited, sometimes contradictory, and still inadequate. Besides, most studies are limited to
focus only on the one-shot drilling process. However, it is noteworthy that high productivity and
reduced machining time are the key factors in several industries without compromising hole quality.
For that reason, there is a need to investigate multi-spindle drilling performance when several coated
drills are used to create multiple holes simultaneously. Therefore, this study investigated the impact of
drill coating on microstructure and hole quality metrics (i.e., hole size, circularity, cylindricity, and
perpendicularity) during multi-spindle simultaneous drilling of Al2024. The holes produced using
uncoated carbide and TiN, TiCN, TiAlN, and TiSiN coated carbide drills were examined, and a
comparison was made against one another in terms of the analyzed hole quality metrics. Furthermore,
the damage on the borehole surface was examined using scanning electron microscopy to analyze the
impact of tool coating and cutting parameters. The aim was to analyze the effect of tool coating
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specifically; therefore, the geometry (diameter, point angle, helix angle, cutting edge design, chisel
edge) and material (solid carbide) of all the cutting tools were fixed, and only the cutting tool coating
was varied.

6.2 Materials and Methods
In this study, Al2024 plate with a size of 200 × 150 mm2 and a thickness of 10 mm was used as the
workpiece material for creating holes. The drill bits used were an uncoated and (TiN, TiCN, TiAlN,
and TiSiN) coated carbide twist drill with a 6 mm diameter [63]. The selection of coatings was based
on their excellent hardness and high thermal and oxidation resistance that contributes to the
improvement of holes [159,209]. Some of the properties of drill bits are given in Table 6.1.
Table 6-1: Properties of cutting tools [50,159,193]
Coatings
Uncoated
TiN
TiCN
TiAlN
TiSiN

Oxidation temperature (°C)
500
600
400
700–800
1000

Hardness (GPa)
26
23
27
32
35

Friction Coefficient (µ)
0.4–0.6
0.4–0.5
0.2
0.5–0.7
0.6

The point angle and helix angle for all the studied drill bits were the same, and the geometries were
chosen based on previous studies on one-shot drilling of Al2024 to create high-quality holes [68,75].
Additional details on the drill bits are provided in Table 6.2.
Table 6-2: Description of the drill bit.
Specifications
Type
Material
Coatings
Number of flutes
Drill diameter
Point angle
Helix angle
Overall length

Twist drill
Carbide
TiN, TiCN, TiAlN, and TiSiN
2
6 mm
140
30°
66 mm

A type MH 30/13 adjustable multi-spindle drill head (SUHNER Inc., Lupfig, Switzerland) was used for
multi-hole drilling. The multi-spindle head has three adjustable spindles that drill three holes
simultaneously at the same cutting conditions for high productivity at a high rate without compromising
the hole quality. First, a set of three uncoated drills were mounted on the multi-spindle drill head and
then the same procedure was applied for TiN, TiCN, TiAlN, and TiSiN coated drills. Therefore, a total
of 135 holes were created using all the drill bits to complete the experiments under dry conditions. The
experimental setup is given in Figure 6.1.
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A manual milling machine (model: 5KS, 5KV) was used to perform the drilling operations. The
machine has the capacity of maximum spindle speed of 3450 rpm. Therefore, the values of spindle
speeds used in this study were adjusted each time using a tachometer from low, medium, and high,
corresponding to 1007, 2015, and 3025 rpm, respectively. The selected feeds were 0.04, 0.08, and 0.14
mm/rev, which were considered based on the available feed of the vertical milling machine.
After the drilling experiments, the geometric tolerances including the hole size, circularity,
perpendicularity and cylindricity of holes were measured using a coordinate measuring machine
(CMM,) type Mitutoyo Crysta-Apex S776, Renishaw, Gloucestershire, UK. A 2 mm diameter ruby
stylus was used for the measurements. The measurement was taken 1 mm below the top region and 1
above the bottom region of the inside each hole, similar to the previous studies [210]. Finally, circles
were generated using the maximum inscribed circle for each measurement.
A scan electron microscopy (model: Hitachi SU5000, Chiyoda, Japan) was used to examine the
machined hole surface after the holes were cut in half.
Finally, the percentage contribution of drilling parameters on the studied hole quality parameters was
determined using analysis of variance (ANOVA).
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Multi-spindle drilling

Coordinate measuring machine

Drill bits
Figure 6.1: Experimental setup.

6.3 Results
6.3.1 Hole Size, Circularity, Cylindricity and Perpendicularity
Diametric error is the deviation of holes from the nominal size for achieving high-quality holes [211].
The investigation of hole size in any manufacturing industry is essential when the drilling process is
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performed under dry conditions since a higher cutting temperature is expected due to the increased
friction at the tool–chip interface [76]. Figure 6.2 shows the deviation of the hole from the nominal size
(6 mm) for the uncoated and coated carbide drills (i.e., TiN, TiCN, TiAlN, and TiSiN). The results
showed that the maximum hole deviations were found in holes drilled using TiSiN coated carbide drills,
followed by TiAlN and TiN, irrespective of the drilling parameters. Interestingly, holes drilled using
uncoated carbide drills showed the least deviation of hole size except for TiN and TiCN at high spindle
speed. The TiAlN and TiSiN coated carbide drill gave the highest hole deviation under the selected
cutting parameters during the multi-hole simultaneous drilling process.
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Figure 6.2: Deviation of holes from the nominal size for the uncoated and coated carbide drills.
In aerospace industries, stringent geometric tolerances are required where most of the metallic structures
should be as relaxed as ±30 microns and as tight as ±12 microns [212]. Furthermore, according to the
cutting tool manufacturers, the acceptable hole size can range between ±20 and ±40 microns for
aluminum alloys [166]. Table 6.3 shows the variation of hole size from the uncoated and coated carbide
drills, which concludes that hole size investigated in this study falls within the limits of the hole
tolerance in the aerospace industry, except for the TiAlN and TiSiN.
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Table 6-3: Hole deviation from nominal size for the uncoated and coated carbide drills.
Spindle Speed
(rpm)
1007
1007
1007
2015
2015
2015
3025
3025
3025

Hole Deviation (µm)
Feed
Uncoated
(mm/rev)
Carbide
0.04
4
0.08
6
0.14
3
0.04
14
0.08
6
0.14
10
0.04
52
0.08
86
0.14
24

TiN TiCN TiAlN TiSiN
25
25
21
87
49
76
48
35
21

11
13
13
22
31
66
4
27
23

44
27
11
36
70
73
76
51
27

73
67
52
86
52
29
119
106
36

Figure 6.2 also shows that generally, the hole size increased with the increase in the spindle speed. The
tool coating showed the highest impact on the hole size with a percentage contribution of 33.97%,
following the spindle speed and feed with a contribution of 12.72% and 4.12%, respectively. Another
significant factor is the two-way interaction of spindle speed and tool coating, with a contribution of
20.23%.
Another essential characteristic of hole quality is circularity. Circularity or roundness is the radial
difference between the concentric circles that must be minimized [213]. Figure 6.3 showed that the
uncoated carbide drill resulted in the lowest circularity error, except when drilling at the highest spindle
speed. In the case of carbide coated drills, the TiCN coated carbide drill performed better by giving
minimum circularity error following the TiN, TiAlN, and TiSiN. The minimum circularity error
obtained in this result was 0.0197 mm for uncoated carbide drills, 0.0198 mm for TiN, 0.0190 mm for
TiCN, 0.0197 mm for TiAlN, and 0.0271 mm for TiSiN. Figure 6.3 also shows that the circularity was
also affected by the cutting parameters. Overall, the circularity error increased with the increase in
spindle speed. However, in some cases, the circularity error decreased with the increase in the feed,
especially at a high feed of 0.14 mm/rev. The highest influence on circularity error was due to the tool
coating, as evident from Table 6.4 with a percentage contribution of 46.37%, followed by 13.77%
significance of feed. The contribution of spindle speed was insignificant because ANOVA was run with
a confidence interval of 95%. Therefore, p values more than 0.05 in the ANOVA result were considered
insignificant [156].
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Figure 6.3: Average circularity error.
Cylindricity is the three-dimensional version of circularity and refers to an object not only being round,
but also straight along its axis [214]. It is defined as the radial difference between two concentric
cylinders with the actual cylinder (workpiece) contained within them [213]. Perpendicularity shows the
orientation of a hole axis relative to a specified datum where the tolerance zone is represented by a
cylinder located at the basic location [162]. Also, the assessment of perpendicularity error is essential
for bolted structure joints because holes need to be parallel to the joint’s surface to achieve a better
contact area between the outer edges of the nut and the bolt heads with the workpiece to avoid significant
stress concentrations and fatigue cracks due to poor connecting holes [162].
The cylindricity and perpendicularity of each hole are given in Figures 6.4 and 6.5, respectively. The
result indicates that under most of the cutting parameters used in this study, the uncoated carbide drill
performed better by giving minimum cylindricity error. The TiSiN gave the highest cylindricity error
following the TiAlN and TiN. Similarly, the lowest perpendicularity error was obtained using TiCN
drill bits following the uncoated carbide drill bits, TiN, TiAlN, and TiSiN coated drills. The ANOVA
results given in Table 6.4 for the cylindricity indicate that the tool coating had the highest contribution
of 30.32% in the investigated range of cutting parameters. On the other hand, the spindle speed and feed
had a significance of only 12.09% and 24.22%, respectively. In general, the cylindricity increased with
the increase in the spindle speed. The tool coating also had a significant impact on the perpendicularity
with a contribution of 61.29%. However, no significant effect of spindle speed, feed, and other
interaction was found on the perpendicularity error.
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Table 6-4: Analysis of variance for hole quality.
Hole Size

Circularity

Cylindricity

Perpendicularity

Source

p
p
p
p
Contribution
Contribution
Contribution
Contribution
Value
Value
Value
Value

Spindle speed
Feed
Coating type
2-Way Interactions
Spindle speed x Feed

0.001
0.049
0
0.006
0.045

12.72%
4.12%
33.97%
40.15%
7.01%

0.2
0.003
0
0.198
0.018

2.84%
13.77%
46.37%
24.28%
13.09%

0.2
0.003
0
0.198
0.018

12.09%
24.22%
30.32%
24.49%
9.65%

0.452
0.34
0
0.818
0.693

1.95%
2.71%
61.29%
15.30%
2.64%

Spindle speed x Coating type 0.005

20.23%

0.926

2.31%

0.926

6.41%

0.713

6.25%

Feed x Coating type
Error
Total

12.91%
9.04%
100.00%

0.271
-

8.88%
12.74%
100.00%

0.271
-

8.43%
8.88%
100.00%

0.7
-

6.41%
18.74%
100.00%

0.035
-

6.3.2 Surface Damage Analysis
The functional performance of any structural part in a manufacturing industry highly depends on its
surface quality. Therefore, the analysis of surface defects is crucial after any material-removing process
for improving the surface quality of manufacturing components [215]. Figure 6.6 shows the scanning
electron microscopy (SEM) images of the borehole surface of Al2024 produced by five different carbide
drills under different cutting conditions. In general, the SEM micrographs showed the surface defects
such as smearing, which is a thin layer of deformation at the hole’s surface that results from the
continuous rubbing of the cutting tool with the borehole walls and occurs due to the ductility of the
material [216]. According to Liang et al. [215], the rise in spindle speed and feed rate increased the
temperature, which leads to the formation of smearing. Smearing also results in random chip debris and
adhesive chips on the hole surface during machining. Other forms of damage observed include feed
marks and deformation marks due to the collision of evacuated chips through the drill flutes with the
borehole walls and chip adhesion. However, it is worth noting that no visible cracks were observed on
the surface of all holes investigated during the multi-spindle drilling process. Figure 6.6 also shows that
the smoothest hole surface with the least observable defects were for those drilled using the TiCN coated
tools, especially at a high spindle speed of 3025 rpm following the TiN-coated drill. However, it appears
that the uncoated carbide drill gave better hole surface, which was possible only at low cutting
parameters. It is interesting to note that the damage and distortion of the hole surface were seen more
in the hole surface produced by the TiSiN-coated carbide drill bits following TiAlN carbide drills under
all the examined cutting conditions.
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Figure 6.6: Inner hole surface of Al2024 using uncoated carbide and coated carbide drills at
3025 rpm and 0.14 mm/rev.
Similarly, Figure 6.7 shows the entry and exit side of the hole edges at the high spindle speed of 3025
rpm. The results revealed that the edges of the hole at the top were more regular and uniform than at
the bottom of the holes. Therefore, the holes produced more deterioration at the exit side. Moreover,
the holes produced by the TiSiN drills showed an irregular appearance at both sides of the hole edges
following the TiAlN. The hole edges at the entry and exit holes seem to be the same; however, a closer
examination revealed that the TiCN gave better results, followed by uncoated carbide and TiN-coated
drills. The results also showed that the surface defects were more affected by the spindle speed than
feed. However, in the case of top-and bottom-hole edges, the feed was more influenced than the spindle
speed. A detailed discussion of all the results is presented in the following section.
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Figure 6.7: Top- and bottom-hole edges of the uncoated and coated carbide drills.

6.4 Discussion
This section discusses the surface defects and the geometric tolerances of a hole in multi-spindle
simultaneous drilling of Al2024. The study suggested that generally, the hole size, circularity, and
cylindricity increased with the increase in the spindle speed with a varying percentage contribution from
the ANOVA results. It is speculated that the high drilling vibration and high velocity of chip flow due
to high spindle speed might have affected the geometric hole tolerance [76,80]. Furthermore, machining
temperature at the tool–chip interface is expected to increase with the increase of spindle speed,
especially during the dry drilling process due to increased friction. The rise in temperature at the tool–
chip interface causes softening of the workpiece materials, and hence the strength of the material
decreases against the tool vibration [217]. Although a slower spindle speed compromises productivity,
however, a multi-spindle drilling process can compensate for the slower drilling process since it can
produce several holes simultaneously, thus providing a balance between productivity and improved
hole quality.
Furthermore, the feed has a varying effect on the hole quality. However, it is seen that at the high feed
of 0.14 mm/rev, the hole size was less deviated from the nominal size, which was 6 mm in this study,
and gave less circularity and cylindricity error. This is in agreement with the machinery’s handbook,
where it was recommended that for the twist drills with sizes ranging from 3.175 to 6.35 (mm), the
recommended feed range is 0.05 – 0.15 (mm/rev), and the higher feed should be used for materials like
brass or aluminum for better results [114]. In addition, the hole deterioration due to the increase in the
feed is likely due to the higher thrust force [188,218]. However, the spindle speed and the feed did not
affect the perpendicularity error, as evident from the ANOVA result in Table 6.4. Furthermore, the
variations in the measurement of the hole quality due to an increase in the spindle speed and feed might
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be due to some other parameters such as vibration, tool deflection, and machine dynamics [166], which
were not part of this study and are recommended as future investigations. Additionally, according to
Uddin et al. [102], during CMM measurement, it is possible that some debris potentially remained on
the surface of the hole walls even after cleaning the hole surface, which might cause such variations in
the results.
However, the main objective of the current study was to evaluate the effect of cutting tool coating on
the hole geometrical tolerances, and it is worth noting that hole quality is affected by the tool coating
selected under all the examined cutting parameters, as evident from the ANOVA results. Among all the
drills selected in this study, the uncoated carbide drill performed better by giving high-quality holes at
lower cutting parameters. This could be because the cutting forces and temperature at the tool–chip
interface were not significantly high when drilling at low cutting parameters. Therefore, the hole quality
was not affected by the uncoated carbide drills [68]. Consequently, it can be concluded that under the
selected cutting parameters, the coated carbide drills did not improve the machined hole quality, and
only the TiCN carbide coated drills can be said to produce a better hole quality at the highest spindle
speed used in the current study, followed by the TiN, as evident from the SEM images in Figure 6.6.
However, the TiAlN and TiSiN coated carbide drills did not give high-quality holes under the examined
cutting parameters in this study.
Previously, it was investigated by Nouari et al. [75] that coated tools performed better at high spindle
speed by providing thermal barriers at high temperatures that reduce the diffusion process during dry
drilling of Al2024. However, in this study, only a TiCN-carbide drill performed better by producing
high-quality at high spindle speed, which might be due to the high hardness and low coefficient of
friction, as given in Table 6.1 [159]. In addition, according to Hosokawa et al. [168], the higher hardness
of the TiCN coated drill bits is due to their carbon contents, which makes them more resistant to
adhesion, hence performing somewhat more effectively at high cutting parameters. In addition, previous
studies have also shown that the high hardness of TiCN than the TiN coated tools provided better tool
life [167].
The TiAlN was also not recommended for high-quality holes during this study. It was reported that
aluminum-based coatings tend to stick to the workpiece surface during the machining of aluminum and
its alloys. This is because they have abrasive properties that contribute to further adhesion and,
consequently, the progression of BUE [195]. However, fewer surface defects were observed in the holes
drilled with the TiAlN than TiSiN coated drills. The reason for low-quality holes and high surface
defects from TiSiN, despite its high hardness, is attributed to its limited adhesion properties than TiAlN,
resulting in a reduction in tool performance [194]. Furthermore, TiAlN has a lower coefficient of friction
than the TiSiN coated drills [159], and it is reported in the literature that a low coefficient of friction
tends to reduce the BUE [196].
The SEM images in Figure 6.7 also illustrate that the surface finish of both the top and bottom edges
were affected; however, it seems that the exit side of the holes was more deteriorated with the irregular
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surface than at the entry. Indeed, according to Kurt et al. [76], when the drill bit in is contact with the
workpiece, the vibration tends to have maximum values. In addition, as the drill advances through the
hole toward its exit, the workpiece material becomes more plastically deformed, and its strength is
reduced [89]. The rise in workpiece temperature due to the drilling process was lower at its upper part,
and thus, there were fewer chances of inaccuracies and surface defects [88]. Hence, the workpiece
material becomes prone to friction in this region and cannot sustain a further plastic deformation under
further drilling loads [91].

6.5 Conclusions
The current study investigated the influence of uncoated and coated carbide drills on the hole
dimensional tolerances and the microstructural examinations of holes drilled in Al2024 aluminum alloy
during the multi-spindle simultaneous drilling process. Four types of coated tools (TiN, TiCN, TiAlN,
and TiSiN) were used to drill holes in the workpiece material under dry conditions. The following can
be concluded from this study:
•

The surface damage found on the inner hole surface was metal debris adhesion, smeared
material, and feed marks.

•

Uncoated-carbide drills performed better at low cutting parameters, yielded high-quality holes,
and fewer defects on the inner hole surface.

•

TiCN-coated carbide drills gave better hole accuracy and less damage in the inner hole wall
surface at the highest spindle speed, followed by the TiN.

•

The worst surface finish with irregular patterns around the top and bottom of the hole edges
and most oversized holes were obtained by TiSiN-coated carbide drills following the TiAlN.

•

Overall, the uncoated carbide drills outperformed better at low cutting parameters, while the
TiCN coated drills were recommended for high-quality holes at high cutting parameters
selected in this study.

•

Regarding cutting parameters, the hole size, circularity, and cylindricity increased with the
increase in the spindle speed with a varying percentage contribution from the ANOVA results.
The feed had a varying effect on the hole quality; however, in some cases, it was seen that there
was less error in hole size, circularity, and cylindricity error at the high feed. However, further
investigation at high cutting parameters is required to better understand the performance of tool
coatings at a wider range of cutting parameters using a multi-spindle simultaneous drilling
process, which will be the scope of a future study.
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CHAPTER 7: CONCLUSIONS AND FUTURE RECOMMENDATIONS
The chapter summarizes the main outcomes from this project and the benefits derived before suggesting
several future work recommendations based on identified research gaps. Though conclusions have been
given at the end of each chapter, the overall key findings have been presented in this chapter. Finally,
it makes some recommendations for future research trajectories based on the experience from this
research.

7.1 Conclusions
In this work, the generation of thrust force, chips formation, post machining tool conditions and the
characteristics of hole quality, such as surface roughness, burr formation, deviation of hole from the
nominal size, circularity, cylindricity, perpendicularity, and the surface defects at the top- and bottomhole edges and inside the hole were investigated during multi-hole simultaneous drilling process. The
investigations were done using different tool materials (uncoated high-speed steel and uncoated carbide
drills), tool geometry (diameters: 6 mm and 10 mm, point angles: 118° and 140°), tool configuration
(maximum and minimum center-to-center tool adjustment in multi-spindle drill head) and four types of
coated tools (TiN, TiCN, TiAlN, and TiSiN) to drill holes in the Al2024 under dry conditions. Based
on the current study, the following key concluding remarks are made:
I.

The uncoated carbide drills with 10 mm drill size and a point angle of 140º showed the highest
thrust force, which means that size of the drill bit can significantly increase the thrust force.
Furthermore, the uncoated high-speed steel drills with a size of 6 mm and a point angle of 118º
generated the higher thrust force than uncoated carbide drills with a 6 mm size and 140º point
angle. The hole quality was affected more by high-speed steel drills with a low point angle of
118º that gave the highest surface roughness and more burrs. The drill diameter did not show a
significant impact on either of the surface roughness and burrs. The drills with high diameter
showed long and thicken chips due to the large cross-sectional area covered by its high size.
The chip size became shorter when drilling at high spindle speed and feed while less thickened
chips were produced with low feed and high spindle speed. The adhesion followed by the builtup edge was formed on all drill types; however, more adhesion of chips was found at highspeed steel drills which might be due to less strength and low wear resistance than carbide drills.

II.

The burrs at the exit of the holes were more evident than those formed at the entrance of the
holes. This was confirmed from SEM images, which illustrated that the surface finish of both
the top and bottom edges of holes were affected; however, the exit side of the holes was more
affected with an irregular surface than at the entry.

III.

The surface damage found on the inner hole surface was metal debris adhesion, smeared
material, and feed marks. Uncoated-carbide drills performed better by giving fewer defects on
the inner hole surface and yielded high-quality holes in terms of hole size, circularity,
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cylindricity and perpendicularity at low cutting parameters. However, the performance of the
TiCN coating tool was good at high spindle speeds and feed rates since it provides similar or
less thrust force and better surface finish than the other tools. TiCN-coated carbide drills also
gave better hole accuracy and less damage in the inner hole wall surface at the highest spindle
speed, followed by the TiN. The use of TiAlN- and TiSiN-coated drills compared to the
uncoated drills did not significantly lower the thrust force and improve hole quality, such as
lowering the surface roughness and less burr formation. Furthermore, the worst surface finish
with irregular patterns around the top and bottom of the hole edges and most oversized holes
were obtained by TiSiN-coated carbide drills following the TiAlN. Moreover, the high builtup edge was found on the TiSiN following TiAlN coated drills and the uncoated drills.
IV.

Regarding the drilling parameters, the thrust force was highly influenced by the feed, while the
effect of spindle speed on thrust force was insignificant. The surface roughness and burrs
increased with the increase in spindle speed and feed, irrespective of the tool geometry, tool
materials and tool arrangements; however, most of the edges around holes deteriorate more at
a high feed as compared to the increase in spindle speed. The hole size, circularity, and
cylindricity increased with the increase in the spindle speed with a varying percentage
contribution from the ANOVA results. The feed had a varying effect on the hole quality;
however, in some cases, it was seen that there was less error in hole size, circularity, and
cylindricity error at the high feed.

V.

Overall, the uncoated carbide drills outperformed better at low cutting parameters, while the
TiCN coated drills were recommended for high-quality holes at high cutting parameters
selected in this study in multi-spindle drilling process of Al2024.

VI.

The tools in the multi-spindle drill head had the capacity to be adjusted in any arrangement with
no considerable difference in the results in changing the tool configurations. Therefore, multispindle drilling can be useful in manufacturing industries for increasing productivity at a high
rate and without a compromise on the hole quality.

7.2 Future recommendations
In this study comprehensive investigations and understandings on the simultaneous drilling of
Aluminium alloys have been demonstrated. However, the studies were undertaken within certain
boundaries, which needs further investigations. Therefore, the recommendations for potential areas of
future work for improving their machinability are outlined below:
I.

Further investigation at high cutting parameters is required to better understand the performance
of tool coatings at a wider range of cutting parameters using a multi-spindle simultaneous
drilling process.
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II.

Future research could pursue on other machining sensors, such as accelerometer and acoustic
emission to monitor other parameters such as vibration, tool deflection, and machine dynamics
during multi-hole simultaneous drilling process.

III.

The study needs the cutting temperature generated in a multi-hole simultaneous drilling process
to examine the effect of the materials properties, especially at high cutting temperatures.

IV.

The study also needs a decent amount of research to simulate the multi-hole simultaneous
drilling process of Al2024 using finite element modelling (FEM) laminates to help understand
the cutting mechanisms involved and to predict cutting forces, hole quality and developed
temperatures accurately.
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